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ABSTRACT 
This thesis presents several fundamental studies of structure-reactivity relationships 
bet:\"een pure i ron oxides, supported and composite oxides spec ifically in relation to the 
decomposition of carbon tetrachloride, CCk A series of i ron oxides were synthesized and 
characterized using infrared (FT-IR) spectroscopy to establ ish their composition 
spectroscopically, using BET surface area measurements to determine their surface areas 
and X-ray d i ffraction powder (XRD) experiments to measure their structural parameters. 
A new method was then developed to decompose CC4 at a lower temperature than 
previously found, choosing the optimum catalyst. The effects of varying the temperature 
on the CC4 decomposition was then studied in this work. Some suggested possible 
structural inferences were explored based on the empi rical results obtained via surface area 
measurements and FT-IR methods of  characterization. The optimum catalyst was found to 
be Fe203/ Aha) with a high surface area. Small amount of CC4 decomposed at 100°C 
which then increased as the temperature increased progressively with a concomitant 
decrease i n  the amount of COCh. In this work, b inary systems generally showed higher 
reactivity, especial ly the Fe20i Ah03 system than pure i ron ox ides. Among the pure i ron 
oxides, magnetite showed the highest reactivity and an abi li ty to adsorb water which could 
be the main reason behind its reactivi ty. Tentative reaction mechanisms were suggested, 
based on the new empirical  results, outlining what may be taking p lace structural ly on the 
surface. 
In the final part of  this work, some of the characteristics of  metal oxides in general,  
including both main-group and transition metal oxides were firstly considered . Recently 
reported structural models (2002) from the l iterature were then examined, spec ifically in 
relation to iron ox ides and the role of carbon tetrachloride on the surface, which has been 
the example chosen for this work.  Specifically in  the case of magnetite (Fe304), the 
products were found to be s ign ificantly di fferent. The major observed products were CO2, 
CaCh, C2Cl4 and small traces of CO and HCl .  This di fferent behavior may indicate a 
di fferent reaction mechanism due to di fferent structures. However, further continued work 
using advanced structural techniques (not avai lable at UAEU) need to be carried out to 
ascertain these observations. 
This work may pave the way for the future development of  a newer and simpler 
technique for the treatment of carbon tetrachloride, which has huge impl ications 
environmental ly, i f  fully exploited and developed at a later stage. 
TABLE OF CONTENTS 
CHAPTER 1 .  INTRODUCTION AND REVIEW OF THE 
LITERA TURE. 
Page No. 
1 
1 .0 The I ron Oxides and Hydrox ides. 1 
1 . 1  The Major Iron Oxides. 4 
1 . 1 .2 Less Common or Rare Iron Ox ides. 8 
1 . 1 .3 Iron Oxides i n  the Environment. 9 
1 . 1 .4 Yel low-brown goethite. 1 1  
1 . 1 . 5 Lepidocrocite. 1 2  
1 .l .6 Maghemi te .  1 4  
1 .l .7 M agnetite. 1 4  
1 . 1 . 8 Other types o f  i ron oxides. 1 6  
1 .2 Catalyt ic  behaviour o f  iron oxides. 1 6  
1 . 3 Reactivity o f  some compounds on pure i ron oxide. 1 8  
1 .3 . 1  Reactiv i ty o f  simple molecules on iron oxide powder. 1 8  
1 . 3 . 2  Alcohols .  1 8  
1 .3 .3 Reaction wi th methanol .  1 9  
1 .3 .4 Reaction with ethanol .  20 
1 .3 . 5 Reaction with higher alcohols .  2 1  
1 . 3 . 6  Reaction with carbon monoxide and carbon dioxide. 2 1  
1 .  3 . 7  Reaction with formic  acid .  24 
1 . 3 . 8  Reaction wi th Carbon tetrachloride. 26 
1 . 3 . 9  Reaction wi th hydrogen peroxide. 28 
1 .4 React ivi ty of  compl icated molecules on iron oxide powder. 32 
1 .4 . 1 Water-gas shift reaction. 32 
1 .4.2 Adsorption and decomposition of dimethyl methyl phosphonate on metal 32 
oxides. 
1 .4 . 3  Adsorption of ch1 0rophenols .  34 
1 .4 .4  Reaction with Pyridine. 37 
1 .4 .5  Reaction wi th 2,6-dimethyl pyridine.  39  
1 .4 .6  Dehydrogenation of ethylbenzene. 40 
1 .4 .7  Arsenic adsorption onto i ron oxides. 43 
1 . 5 Support effects on  i ron oxide catalyst. 45 
1 . 5 . 1 Catalytic reduction of S02 over supported transition-metal oxide catalysts. 45 
1 . 5 . 2  Chlorocarbon destruction by supported iron oxide catalyst. 47 
1 .6 Methods of preperation of nanoscale iron oxides and supported iron oxide. 48 
1 .6 . 1 PhysicaVAeroso1 methods. 49 
1 .6 .2  Chemical methods. 49 
1 .6 .2 . 1 So l-Gel method. 49 
1 .6.2 . 1 . 1  Study of nanoparticl-support interactions in a Fe203-Si02 nanocomposite 49 
prepared by a sol-gel method. 
1 .6 .2 .2  H ydrothermal treatment. 49 
1 .6 .2 .2 . 1 Preperation of hematite nanocrystals. 49 
1 .6 .2 .3  Impregnation and drying. 50 
1 .6 .2 . 3 . 1 Synthesis of supported catalysts by impregnation and drying using 50 
aqueous chelated metal complexes. 
1 .6 .2 .4 Liquid phase deposition. 5 1  
1 . 7 Aims and obj ectives. 52  
HAPTER 2: YNTHE I A D CHARA TERlZATION OF 53 
TH AD ORBENT / ATALY T . 
2 . 1 Introduction. 53 
2.2 E peri mental section. 56 
2 .2 . 1 Materials .  56 
2 .2 .2  Instruments, techniques and methods of  synthesis .  56 
2 .2 .2 . 1 IR measurements. 56 
2 .2 .2 .2  XRD spectra. 57 
2 .2 .2 .3  Surface area measurements. 57  
2 . 2 . 3  Preparat ion of pure, mixed and supported i ron oxides. 57  
2 .2 .3 . 1  Preparation o f  pure i ron ox ides. 57 
2.2 .3 . 1 . 1  Hematite a-Fe203 . 57 
2 .2 .3 . 1 .2 Magneti te, Fe304. 58  
2 .2 .3 . 1 . 3 Maghemite, y-Fe203. 59 
2.2.3.2 Preparation of mixed iron oxides (Fe203-Ah03, F�03-Si02 and Fe203-Ti02). 59 
2.2.3 .3 Preparation of supported iron oxides (Fe20ylAh03, Fe20YTi02 and 60 
Fe20ylC). 
2 .3  Results and characterization. 60 
2 . 3 . 1 P ure i ron oxides. 60 
2 . 3 .1. 1 FT-IR spectra. 6 1  
2 . 3 . 1 .2 XRD Measurements. 62 
2 . 3 .l .3 S urface Area Measurements. 63 
2 . 3 .2  M ixed oxides. 63 
2 . 3 . 2 . 1 FT-IR spectra. 64 
2 . 3 .2 .2  XRD measurements. 65 
2 . 3 . 2 . 3  S urface area measurements. 66 
2 . 3 .3 S upported i ron  oxides. 67 
2 . 3 .3 . 1  FT-IR spectra. 67 
2 . 3 . 3 .2 XRD measurements. 69 
2 . 3 . 3 .3 S urface area analysis .  7 1  
2 .4  Concl usion. 7 1  
CHAPTER 3: REACTIVITY STUDIES OF CC4 DECOMPOSI- 73 
TION. 
3 . 1 Introduction.  73 
3 .2 Experimental methods. 75 
3 .2 . 1 Materials and reagents. 75 
3 .2 . 2  Characterization of react ions products. 75 
3 .2 . 3  Adsorption and decomposi tion of CC14. 75 
3 . 3 Results. 78 
3 . 3 . 1 Reactions over d i fferent catalysts in  the presence of water at 400°C. 78 
3 .3 .2 Temperature-dependent S tudy on Fe203/ Ah03. 84 
3 .3 .3 Catalytic decomposition of CC� over different pure iron oxides in the 85 
presence of water at 200 °C. 
3 .4 D iscussion. 88 
3 .4 . 1 Reactions over d i fferent samples in  the presence of water at  400°C. 88 
3 .4 .2  Temperature-dependence study on Fe203/ A1203. 9 1  
3 .4.3 Catalytic decomposition o f  CC� over different catalysts in the presence of 93 
water at 200°C. 
3 . 5  Conc lusion. 94 
11 
HAPTER 4: TRU TURE-REACTIVITY CORRELATIONS. 96 
4. 1 Introduction. 96 
4 .2 Acid base propert ies .  97 
4 .2 . 1 Cationic fonnal charge and ionic radius. 97 
4 .2 .2  Cation electronegativity and oxygen charge. 98 
4 .2 .3  Hydroxyl groups on the surfaces of oxides. 99 
4.3 urface reactivity of s ingle crystal hematite" ith CCk 1 0 1 
4.4 CCG chemistry on the magnetite sel edge of single-crystal hematite: 
competitive surface reactions. 1 09 
4 .5  tructure-reactivity relationship. 1 1 0 
CHAPTER 5: CONCLUSION. 1 1 4 
REFERENCES. 1 1 7 
III 
LISTS OF TABLES 
CHAPTER 1 .  
Table 1 - 1 : The main iron oxides and oxyhdrox ides. 
Table 1 -2 :  Ionic rad i i  of Fe and metal substituents. 
Table 1 -3 :  General physical and chemical characteristics of i ron-oxide mineral 
Table 1 -4 :  FTIR data (cm- I ) of carbon dioxide adsorbed on Fe20) powder; the reference 
data for the carbonate and bicarbonated species are also reported. 
Table 1 -5 :  Proposed mechanism for decomposit ion of H202 on goethite. 
Table 1 -6 :  FTIR data (cm-I ) of pyridine adsorbed on hematite .  
CHAPTER 2. 
Table 2 - 1 :  IR frequencies (cm- I ) of pure i ron oxides. 
Table 2-2 : XRD data (d-value and intensity of peaks) obtained for maghemi te powder 
compared to the referenced JCPDS-ICDD card values. 
Table 2-3 : Specific surface area of hemati te, maghemite and magnetite. 
Table 2-4 :  FTIR frequencies incm- I of the mixed i ron oxides. 
Table 2-5 : XRD patterns of all mixed oxides. 
Table 2-6 : The B ET surface area of three types of mixed i ron oxides. 
Table 2-7: IR frequencies (cm-I ) of the supported i ron oxides. 
Table 2-8 : XRD l ines of all supported i ron oxides. 
Table 2-9: Spec ific surface areas of pure supports. 
Table 2 - 1 0 :  Spec ific  surface area of supported iron oxides. 
CHAPTER 3. 
Table 3-1 : The catalysts used i n  the CC� decomposit ion in  the presence of water at a 
temperature of 400 ac. 
Table 3-2 : Percent conversion of CC� and percent weight loss during the react ions in  the 
sol id samples. 
Table 3-3 : I l lustrates the products of the decomposit ion of CCl4 over Fe20)/Ah03 at 
di fferent temperatures. 
Table 3-4 : AdsorptioniDecomposit ion of CCl4 in the presence of water at 200 °C. 
IV 
LIST OF FIGURES 
HAPTER 1 .  
Figure 1 - 1 :  Ideal ized models of goethite, lepidocrocite, akaganeite and hematite structures. 
The doub le l ines in the goethite and lepidocroc ite structures represent H bonds. 
Figu re 1 -2 :  Schematic representation of formation and transformation pathways of 
common i ron 0 ides together with the approximate transformation condit ions. 
Figu re 1 -3 :  Calculated surface to bulk atom rat ios for spherical iron nanocrystals. 
Figu re 1 -4 :  Models of Ca) nanocrystal l ine (AP-MgO); (b) microcrystal l ine (CP-MgO); (c) 
normal commercial ly avai lable (CM-MgO) magnesium oxide crystals (2) .  
Figure 1 -5 :  Desorption peaks obtained by the MS spectrum for the systems: (a) Fe20)­
methanol studied in the HTHP reactor (b) Fe20J + (02-methanol )  studied in the HV 
system. 
Figu re 1 -6 :  Desorption peaks obtained by the MS spectrum for: (a) Fe20)-methanol and 
(b) Fe20)-ethanol ,  studied under high vacuum conditions. 
Figure 1 -7 :  IR spectrum obtained after the exposure of the a-Fe203 (hematite) powder to 
the CO2 at RT; region between 1 000 and 1 800 cm-I. 
Figure 1 -8 :  Fe 2p and Ois XPS spectra obtained for the -Fe203 (hematite) powder (a) 
before the chemisorptions, after the chemisorption of (b) pyridine and (c) carbon dioxide at 
RT. The fitting results obtained processing the O l s  XP peak are also shown. 
Figu re 1 -9 :  XPS data obtained on the FezO) catalyst calcined at 723 K: Fe 2p spectra (a) 
before and after chemisorption of HC02H at (b) RT and (c) 773 K; C I s  spectra after 
chemisorption o f  H C02H at (d) RT and (e) 773 K; 0 I s  spectra of the sample as calcined 
(the results of  the fitt ing procedure are also shown) Ct), and o f  the sample (g) before 
chemisorption (but after the cleaning procedure) and after chemisorption of HC02H at (h) 
RT and ( i )  773 K.  
Figu re 1 - 1 0 : FTIR reflectance spectra of the Fe20J sample:  O-H stretching region 
obtained before ( ) and after ( . . . . . . . . .  ) chemisorption of HC02H. 
Figu re 1 - 1 1 :  TPRID spectra col lected after exposing a freshly sputtered and annealed 
selvedge surface to 2 L of CCI4 at an adsorption temperature of approx imately 1 00 K. The 
temperature ramp rate is 2 . 5  K/s. 
Figu re 1 - 1 2 :  Effect of H202 concentration on (a) the conversion and (b) the decomposition 
rate of H202. t = 1 1 . 8 min m = 1 67 gIl m denotes the catalyst concentration. 
Figure 1 - 1 3 :  Relationship between catalyst concentration and K 'obs. C11t = 24.4 mM, m = 
v 
1 67 gil ,  pH = 4 .8 .  
Figu re 1 - 1 4 :  Model fitt ing for H202 decomposition a t  di fferent pH values. The solid l ine 
represents the model prediction. 
Figure 1 - 1 5 :  Dimethyl Methylphosphonate (DMMP) .  
Figu re 1 - 1 6 : Nucleophi l ic  attack of the surface on DMMP. 
Figure 1 - 1 7 : Adsorption of  chlorophenol compounds in  solution and gas phase. 
Figure 1 - 1 8 : (A) Adsorption isotherm of: (a) 2-CP, (b) 2 ,3 -DCP, (c) 2,4-DCP (d) 
2,4,6TCP on hematite. (B) Adsorption isotherm of: (a) 2-CP, (b) 2,3 -DCP, (c) 2,4-DCP, 
(d) 2 4,6-TCP on goethite. 
Figure 1 - 1 9 : IR spectra obtained after the exposure of the a-Fe203 (hemati te) powder to 
the pyridine + 2 mixture at RT �, and after heating the obtained system at 3 73 K 
( o o  .. ); I R  spectra obtained after the exposure of the a-Fe203 (hematite) powder to the 
pyridine + N2 mixture at 473 K.  
Figure 1 -20 :  IR spectra obtained for the a-Fe203 (hematite) powder before the heating 
treatment � and after the heat ing treatment at 323K ( . . .  ) , 3 73 K (---), 423 K (- . - . -) , 473 
K (-): (a) region between 2600 and 3800 cm- l , (b) 1 400 and 1 750 cm- l . 
Figure 1 -2 1 : IR spectra obtained after the exposure of the a-Fe203 (hemat i te) powder to 
the 2 6-dimethyl pyridine ( lut idine) + N2 mixture at RT (-), after exposure of  the obtained 
system to a N2 flow for 1 0  min at RT (--) and after heating treatment to 3 73K (- - -) .  
Figure 1 -2 2 :  Reaction scheme for the dehydrogenation of EB on defective a-Fe203 (000 1 )  
model catalysts. 
Figure 1 -23 :  Mechanism proposed for the styrene synthesis  reaction on a-Fe20) (000 1 )  
model catalyst fi lms.  Ethylbenzene adsorb at Fe3+ sites exposed on regular terraces with 
the phenyl ring oriented paral lel  to the surface. At catalytically active surface defects l ike 
steps the upward t i tled ethyl group meets a favorable  geometry for coupl ing to Bronsted 
basic oxygen sites that deprotonate two C-H groups, simu ltaneously two electrons are 
transferred to the catalyst v ia the n-electron system of the phenyl ring. 
Figure 1 -25 :  E ffect of pretreatment on the conversion of S02 .  Catalyst :  Fe20)/Ce02 
(hollow symbols) or Fe203/y-Ah03 (solid symbols) .  Weight of catalyst: 0.25g. Feed : 1 000 
ppm S 02,  3000 ppm CO. Reaction temperature :  300°C. 
Figu re 1 -26 :  Effect  of pretreatment on the yield of elemental sui fur. Catalyst :  Fe203/Ce02 
(hollow symbols) or Fe203/y-AI20) (sol id symbols) .  Weight of catalyst : 0.25 g. Feed : 1 000 
ppm S02,  3000 ppm CO. Reaction temperature: 300°C. 
VI 
HAPTER2. 
Figu re 2-1 : A 00\ chart of  a typical sol-gel process for the preparat ion of nanoscale metal 
oxide pm ders. 
Figu re 2-2 Experimental setup for the synthesis of magnetite: 1 Drop funnel, 2 
thennometer, 3 water bath at 90°C, 4 magnet, 5 heater and magnetic stirrer, 6 support for 
the reaction essel ,  7 external beaker used as a water bath, 8 reaction vessel ,  9 plastic l id 
with inlet holes, 1 0  purge gas inlet (Argon). 
Figu re 2-3 : FT-IR spectra for hematite, maghemite and magnetite. 
Figure 2-4: FT-IR spectra of three types of mixed oxides. 
Figure 2-5 : FT-IR spectra of the three types of supported i ron oxides. 
CHAPTER 3. 
Figu re 3- 1 : Reactive radical species of CC�. 
Figu re 3-2 : IR cel l  used for gaseous products. 
Figu re 3-3 : Closed reactor system. 
Figu re 3-4 : FT-IR spectra of  the gaseous products obtained from the decomposition of 
CCL� by (a)  a-Fe20), (b)  Fe20)/AI20), (c)  Fe20)/Ti02, (d)  Fe203/C, (e)  Fe20)-AI20), (f)  
Fe20)-S i02 (g)  Fe203-Ti02. 
Figu re 3-5 : FT-IR spectra of the gaseous products obtained from the decomposition of 
CCl4 by (a) a-Fe203, (b) Fe20)/Ah03, (c) Fe203/Ti02, (d) Fe203/C, (e) Fe203-AhO), (f) 
Fe203-S i02 ,  (g) Fe20)-Ti02 i n  more precise detai l .  
Figu re 3-6 : Percent decomposition of CC� over the di fferent catalysts in  the presence of 
water at  400°C. 
Figure 3-7 : FT-IR spectra for the products of CC� decomposition on the Fe20)-AhO) in 
(a) the presence and (b) i n  the absence of water at 400°C. 
Figu re 3-8 :  FT - IR spectra for the products of the decomposition of CCLt over Fe2031 AhO) 
at di fferent temperatures in the presence of water. 
Figu re 3-9 : FT-IR spectra for the products of the decomposi tion of CCI-t over pure iron 
oxide in the presence of water at 200 0c. 
Figure 3- 1 0 : Proposed mechanism for the decomposition of CCl4 over a-Fe20J. 
Figu re 3-1 1 :  Reaction steps of Fe20)/AhO) with gaseous CCl4 in the absence of water. 
vn 
Figure 3-1 2 :  FT-IR spectra of gaseous products for CCI4 decomposition at 400°C over (a) 
C and (b) Fe20J/C. 
Figu re 3- 1 3 :  hows the relation between the temperature and the percent CC14 
decomposed for the Fe20J/AI20J system. 
Figu re 3- 1 4 : FT-IR spectra for the products formed during the decomposition of CC14 over 
sol id catalysts in the presence of water at 200°C. 
CHAPTER 4. 
Figure 4- 1 :  Configuration of OH- groups on the surfaces of  the oxides 
Figure 4-2 : (a)-(c) ,  respectively The iron terminations of wustite (Fe l _xO( l l l ), a = 3 .04 
A), magnetite (Fe304(l 1 1 )  with the so-cal led "mix-trigonal" surface layer, a = 5 .92 A) and 
hematite (a-Fe20J (00 1 )  with the single iron surface layer, a = 5 .03 A). (d) Idealized 
structural model of the b iphase showing regions of a-Fe203 ( OO l )-l ike (a) and Fe l _xO( l l l )­
l ike CP) surface term inations. The large circles represent oxygen atoms and the smal ler, 
darker c ircles represent iron atoms. The " " marks the one oxygen atom in all of these 
surface lattices \ i th a ertical dangling bond. 
Figure 4-3 : Auger spectra recorded for the (a) Fe304 ( 1 1 1 )-(2x2), (b) annealed biphase and 
(c) as-oxidized b iphase terminations of a-Fe203 (00 1 )  after CC� exposures of �8, 8 and 80 
times that required for saturation of the Fe304 (l 1 1 )-(2x2)  termination, respectively. For 
comparison, a spectrum for unexposed Fe304 ( l 1 1 )-(2x2)  is also shown in (d). 
Figure 4-4 : Perspect ive side view (a) and top view (b) of the Fe304 structure exposing a 
( 1 1 1 ) surface p lane wi thout interlayer relaxations. The top view is  drawn with the ful l  ionic 
rad i i ,  the s ide view wi th ionic radi i  reduced by a factor of 0 .5 . Two types of notation for 
the layer stacking along the [ 1 1 1 ] direction are given on the left and right side of  (a) . In the 
top view in (b) the Fe304 ( l l l )-( l x l )  surface unit cel l  with a lattice constant of 5 .94 is  
indicated, as  wel l  as  the symmetrical ly inequivalent oxygen atoms Oa and Ob respectively. 
Figure 4-5 : FT-IR spectra for the products of the decomposition of CCI4 over pure iron 
oxide i n  the presence of water at 200°C. 
Vlll 
CHAPTER! 
INTRODUCTION AND 
REVIEW OF THE 
LITERATURE 
HAPTER 1 :  I TRODUCTION AND REVIEW OF THE LITERATURE. 
1 .0 The Iron Oxide and Hydroxide 
Iron oxides are common in the environment, occurring ei ther natural ly or as a result of human 
activit ies ([). The most common Fe(I I I)-hydroxides, oxides and oxyhydroxides i nclude 
ferrihydrite (FesHOg.4H20, often written as Fe(OH)3) which changes to hematite (a-Fe203) 
and/or goethite (a-FeOOH), depending on solution composition, temperature and pH. "Green 
rust' is the name given to the layered Fe(IJ,I II)-hydroxides which contain anions such as 
CO/- SOl -or cr in the interlayers ( 1 ) . Depending on the composition of the sol id  and the 
solution, oxidation can transform green rust to lepidocrocite (y-FeOOH) or magnetite 
(Fe( I I)Fe( I I I)204)' Magnetite can also be present as detrital grains or as rel ics of biological 
activ i ty. Weathering can degrade magnetite to maghemite (y-Fe20J) and all of the iron oxides 
(Fe-oxides) are subject to attack and dissolution by organic acids and l igands that are formed 
during breakdown of biological material. Specially, c lose to the water table, seasonal 
fl uctuat ion of the redox boundary promotes alternation of oxidised and reduced forms (2). 
The red or brown colour that iron-oxides impart to soil often makes it look as if they 
dominate composi t ion, but they are frequently present only in minor concentrations, even 
when the colour is i ntense ( 1 ) . In rocks, soi l  and sediments, Fe-oxides can be present as 
discrete particles or as coatings on grains of quartz, c lay or other mineral s. Fractures through 
rocks and unconsol idated sediments are often observed to be l ined with red or brown Fe­
oxides. In  such cases where coatings cover part icles or fracture walls, Fe-oxides often make 
up less than the weight percentage (wt. %) of bulk composition but, they can shield the 
underlying material from contact with the groundwater ( 1 ) . Thus, interaction with the major 
components, quartz, feldspar, clay, sul fides or other minerals is l imited, meaning that Fe-oxide 
mineralogy plays the dominant role in control ling groundwater composition in these situations (1). 
Macroscopic investigations have led to a broad understanding of the uptake behaviour 
of Fe-oxides (2,3). More recently, spectroscopic studies have provided new information about 
the respective bonding environments for contaminants incorporated within the bulk as wel l as 
adsorbed at the mineraVsolution interface (4-7). It is wel l  known that Fe-oxides, with their 
high surface area and strong affInity, sequester cations such as the transition metals and radio­
nucl ides, in proportions that are strongly a function of solution composition and pH (1). 
Under appropriate conditions, Fe-ox ides are also strong adsorbers of anionic complexes such 
as AsO� 3- (7), crO/- (8) and P043. (9-11) and organic molecules such as pesticides (11-l3) 
and hurnic or fulvic acids (14). Thus, the Fe-compounds are useful for retarding transport or 
immobi l izing contaminants in groundwater systems. For components that are susceptible to 
biological breakdown, Fe-ox ides can serve as a substrate to make them more avai lable to 
bacteria (1). Because of these properties, as well as the low cost, involved easy availabi li ty 
and lack of health risk, such compounds are frequently chosen for use in  the treahnent of 
drinking water and for waste (15-18). Treatment of waste before disposal can help to decrease 
the leaching of contaminants from the waste faci l i ty. One method for such treatment makes 
use of the precipitation of Fe-oxides to trap heavy metals. In the Ferrox process (18), ash 
residue from municipal incinerat ion is mixed with FeS04 solutions and aerated. Many of the 
contaminants, which were present in the original ash as salts, are dissolved in the solution and 
then incorporated into the solid Fe( I I I)-oxide precipitate as the solution is bubbled with air. 
Their immobi l isation in the sol id  product prevents leaching to the groundwater beneath the 
waste disposal site. In the design of waste disposal si tes, reactive barriers are often used to 
insure that contaminants do not escape. One simple, effective and inexpensive type of barrier 
is made with zero-valent iron (19,20). Redox-sensitive contaminants are reduced while they 
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oxidise the Fe(O). Some orgamc molecules can be broken down in this way, giving 
degradation products that are not dangerous and some transition metals which are soluble and 
toxic in oxidised form, such as Cr(VI), can be reduced to a nonsoluble form, Cr(III) , which 
precipitates (1). The Fe-hydroxides produced in the barrier material can also offer reactive 
surface area for adsorption of other contaminants (1). 
The potential of Fe-oxides to take up contaminants by adsorption or by incorporation 
within the bulk, and likewise to release them again to solution, depends on their behaviour 
during three major stages: their initial formation by precipitation or coprecipitation, their 
transformation to a more stable phase, and their susceptibility to dissolve again or to exsolve 
incorporated trace components. Improved understanding of the processes involved in each of 
these stages will lead to diminished uncertainty in models that assess the risk of contaminants 
in the environment, and will promote development of strategies for waste treatment or 
containment that are more effective and less expensive (1). There are thirteen iron oxides 
known to date. The most important oxides are listed in Table 1-1. In addition to these, 
Fe(OH)2, FeO (wustite), p-Fe203 and £-Fe203 and high pressure FeOOH also exist. Except for 
ferrihydrite (FesHOg.4H20) and feroxyhyte (8' -FeOOH), all the other iron oxides can be obtained 
in a well crystallized form. Green rusts are not true oxides but are iron hydroxide salts (21). 
Table 1 - 1 :  The main iron oxides and oxyhydroxides. 
Oxides Oxyhyd roxides 
Formula M ineral Formula Mineral 
FesH08.4H20 Ferrihydrite a-FeOOH Goethite 
a-Fe203 Hematite B-FeOOH Akaganeite 
y-Fe203 Maghemite r-FeOOH Lepidocrocite 
Fe304 Magnetite 8'-FeOOH Feroxyhyte 
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1 . 1  The Major Iron Oxides 
The basic structural unit [or all iron oxides is an octahedron, in which each Fe atom is 
surrounded either by six O's or by both 0 and OH ions. The 0 and OH ions form layers which 
involve either a hexagonally close-packed (hcp) arrangement, seen in goethite and hematite, or 
a cubic close-packed (ccp) arrangement observed in lepidocrocite and maghernite. In both the 
hcp and ccp structures, tetrahedral interstices also exist between the three O's or OH in one 
plane and the anion in the plane above this. The two hcp-forrns, lepidocrocite and maghernite, 
are termed y-phases. The a.-phases are more stable than the y-phases (22). 
The Fe3+ in the octahedral position may be partially replaced by other trivalent metal 
cations of srnilar size (Table 1-2), such as Al3+, Mn3+ and Cr3+, without modifying the 
structure (isomorphous substitution). In this way, solid solutions between pure and species 
such as FeOOH and AIOOH are formed. Other cations, e.g. Ni, Ti, Co, Cu and Zn can also be 
incorporated into the iron oxide structure (22). 
Table 1-2. Ionic radii of Fe and metal substituents. 
Ion Ion ic  radiusa n m  
FeL+ 0.077 
FeJ+ 0.064 
Alj+ 0.053 
Crj+ 0.061 
CUL+b 0.073 
MnL+ 0.082 
Mnj+D 0.065 
(a) The ionic radius depends on whether the Ion IS m the 11lgh spm or low Spill state. In the iron 
oxide structure (and where a choice exists), the ions listed here adopt the high spin state. 
(b) These ions display the lahn-Teller effect which leads to a distortion of the coordination 
sphere of the ion (22). 
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The various iron oxides differ mainly in the arrangement of the Fe(O,OH)6 octahedra. 
Goethite, lepidocrocite and akaganeite, i. e. the FeOOH forms, all consist of double bands of 
wedge-sharing Fe03(OH)3 octahedron (Figure 1- 1). In goethite (a-FeOOH), as in diaspore (0.­
AIOOH) the double bands are linked by corner-sharing in such way as to form 2x 1 octahedra 
"twIDels" crossed by hydrogen bridges. Akaganeite (p-FeOOH) contains channels bounded by 
double octahedra, resulting in a 2x2 arrangement. These channels are stabilized by being 
filled with variable amounts of chloride anions and water. In lepidocrocite (y -FeOOH), as in 
boehmite, (y-AlOOH), the double bands of octahedra share edges to form zig-zag layers which 
are connected to each other by hydrogen bonds (OH-O). In all these FeOOH structures only 
half of the octahedral interstices are filled with Fe3+ (22). 
Hematite (a-Fe203) consists of layers of Fe06 octahedra which are connected by edge­
and face-sharing (as observed in corundum, a-Al203) and stacked perpendicular to the c 
direction. Two thirds of the octahedral interstices are filled with Fe3+. The face-sharing 
(shaded in Figure 1- 1) is accomplished by a slight distortion of the octahedra which causes a 
regular displacement of the Fe ions. The distortion and the absence of hydrogen bonds yields 
a compact structure which is responsible for the high density of 5.26 g cm-3 (22). 
In the cubic structure of both magnetite and maghernite one-third of the interstices are 
tetrahedrally coordinated with oxygen and two-thirds are octahedrally coordinated. In 
magnetite, all of these positions are filled with iron. Magnetite is an inverse spinel: the 
tetrahedral positions are completely occupied by Fe3+, the octahedral sites by equal amounts of 
Fe3+ and Fe2+. In maghernite only five-sixths of the total available positions are filled and only 
by Fe3+, with the rest are vacant. Maghemite can have different symmetries depending on the 
degree of ordering of the vacancies (23). Completely ordered maghemite has a tetragonal 
symmetry; otherwise it is cubic. 
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Goethite 
Akaganeite 
Hematite 
Lepldocrocite 
Figure 1-1: Idealized models of goethite, lepidocrocite, akaganeite and hematite structures. 
The double lines in the goethite and lepidocrocite structures represent H bonds. 
Although the structures of ferrihydride (FesHOg) and feroxyhyte (8'-FeOOH) are not 
yet fully understood, both compounds are considered to have a hematite-like structure 
consisting of hcp oxygen planes with Fe ions in the octahedral interstices. TI1e periodicity of 
the octahedral sheets along the z-direction is 2 for feroxyhyte (c = 0.46 nm), 4 for ferrihydrite 
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(c = 0.94 nm) and 6 for hematite (c = 1 . 3752 nm). The low crystal l ini ty of ferrihydride and 
feroxyhyte is l inked both to the presence of vacant iron sites in the structure and to the 
replacement of some oxygen by H20 and/or OH. For ferrihydrite, a range of compounds with 
different degrees of structural order exists; these compounds are sometimes named according 
to the number of X-ray peaks they exhibit :  e.g. 2-l ine and 6-l ine ferrihydrite. The 2-l ine 
ferrihydrite is also called protoferrihydrite (23). The formula of ferrihydrite has not been ful ly 
establ ished. Table 1 -3 l ists some of the suggested formula of such acids (22). 
Green rust species are not oxides or hydroxides in a strict sense but contain anions as 
an essential structural component. They consist of hcp layers of OH and 0 of the Fe(OH)2 
type with Fe2+ and Fe3+ in the interstices (2, 4). Fe3+ gives the layers a positive charge which 
is balanced by intercalation of anions between the layers. Forms with chloride, sulfate and 
. £ � 
3+ . carbonate between the layers are known. The fIrst nvo orms may have Fe /Fe ratIOS of up 
to 4 (25) depending on the degree of oxidation, whereas the carbonate form was found to have 
a ratio of 2 (26, 27) or 3 (28). The name is derived from the blueish-green colour of the 
compounds and their occurrence as anaerobic oxidation products of steel (22). 
Interconversions between the different compounds l isted in Table 1 - 1  are possible and 
often occur readi ly. In particular, the hydroxy-oxides dehydrate to their anhydrous 
counterparts and ult imately to hematite on heating. At lower temperatures and in solution 
interconversions often involve dissolution followed by reprecipi tation of the new phase. 
Oxidation or reduction reactions are also possible. An overview of possible interconversions is 
presented in Figure 1 -2 .  
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Figu re 1-2: Schematic representation of formation and transfonnation pathways of common 
iron oxides together with the approximate transfonnation conditions (22). 
1.1.2 Less Common or  Rare I ron Oxides 
The minor iron oxides are Fe(OH)2, FeO (wustite) �-Fe20J, E-Fe203 and the high pressure 
fonn of FeOOH. Fe(OH)2 is prepared from Fe2+ solutions by precipitation with alkali. When 
freshly precipitated under an inert atmosphere (in a Schlenck apparatus, for example) Fe(OH)2 
is white (23). It is however, readily oxidized by air or even water upon which it develops a 
brown color. Fe(OH)2 has a well defined crystal structure and composition. The layer 
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structure is of the CdI2 type with hcp anions. The Fe2+ Ions fill half of the octahedral 
interstices, thus filled layers alternate with the empty layers. ll1e crystals are in the form of 
hexagonal platelets. In solution, Fe(OH)2 transforms by a combination of 
oxidation/dehydration/hydrolysis reactions to other iron oxides and hydroxides. The actual product 
formed is dependent both on the order in which these processes occur and upon their rates (22). 
Recently a high pressure synthetic fonn of FeOOH has been prepared by hydrothermal 
conversion of a-Fe203 in NaOH at 500°C at a pressure of 80-90 kbar for one hour (29,30). 
ll1e crystal structure is that of InOOH. It consists of single chains of octahedra running 
parallel to the c axis and linked by hydrogen bonds. 
p-Fe203 has been obtained by dehydration of p-FeOOH in high vacuum at 170°C (31) 
as shown by Mossbauer spectroscopy (32). £-Fe203 can be produced by the reaction of 
alkaline potassium ferricyanide solution with sodium hypochlorite. It is also obtained 
(together with a mixture of other iron oxides) in an electric arc under an oxidizing atmosphere 
(33). Its magnetic and thermal properties have been investigated by Dezsi and Coey (34). 
Wustite, FeO, is obtained by heating Fe(OHh to dryness at 200°C under an atmosphere 
of 2 (22). It is non-stoiclllometric and contains defect clusters approaching the Fe304 
structure of magnetite. Wustite is stable only at a temperature greater than 570°C. At lower 
temperatures it decomposes to Fe304 and Fe (23). 
1 . 1 .3 I ron Oxides in  the Environment 
Iron oxides are widespread in nature. They are found in soil and rocks, lakes and rivers, on 
the seafloor, in air (e.g. admixed in Aeolian Sahara dust) and in organisms. It is also known 
that maghemite is a constituent of the reddish-brown, magnetic dust on the planet Mars (22). 
Iron oxides are of great significance for many of the processes taking place in ecosystems. 
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They are ubiquitous in soils and sediments where they are important regulators of the 
concentration and distribution of plant nutrients and pollutants such as heavy metals. Iron 
oxides may be either beneficial or undesirable (22). Everyone is familiar with rust (a mixture 
of FeOOH and y-Fe203) as the end product of the corrosion of iron. The modern steel 
industry, on the other hand, relies on the huge deposits of hematite (a-Fe203) and magnetite 
(Fe304) found in many parts of the world. In living organisms, iron oxides may form 
unwanted deposits in the human body (22). In the following section, a brief survey of the 
occurrence and properties of iron oxides in the environment is presented (22). 
Iron oxides and hydroxides are introduced into the environment during rock 
weathering. Iron is the fourth most abundant element of the earth's crust (5. 1 mass %). In 
primary (magmatic) rocks most of the iron is located in iron(II) silicates such as pyroxenes, 
amphiboles, biotites and olivines; it can also be found in sulfides such as pyrite, FeS2. During 
weathering the silicates are decomposed by oxidation and hydrolysis according to the Eq.l: 
-Fe(II)-0-Si03 +011+H�O ) -Fe(III)-OH + H4Si04 (1) 
For example, the formation of goethite (a-FeOOH) from an olivine (fayalite) (Eq. 2) or from 
pyrite (eq. 3) can be written as: 
Fe2Si04 + 11202 + 3H20 ----7 2a-FeOOH + �Si04 
4FeS2 + 1502 + 1 OH20 � 4a-FeOOH + 8H2S04 
4FeOOH + CH20 + 8H+ ----7 4Fe2+ + CO2 + 7H20 
(2) 
(3) 
(4) 
In these reactions oxygen serves as the electron acceptor. The resultant iron(Ill) oxides have a very 
low solubility, and hence measurable concentrations of Fe3+ ions in solution are only present under 
strongly acidic conditions, e.g. those resulting from pyrite oxidation (Eq. 3). Once in the weathered 
zone, i.e. the soil mantle, iron(Ill) oxides may, however, be remobilized under anaerobic conditions 
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by microbial reduction (Eq. 4) (22). This process involves enzymatic transfer of electrons by the 
microorganisms from the organic biomass (written as CH20) to iron(III). The resulting Fe2+ 
concentration in solution increases with decreasing redox potential (increasing "electron 
concentration' and decreasing the pH (eq. 4)) (22). Once mobilized by microbial reduction, the Fe2+ 
can be redistributed in the environment (e.g. within a soil or from a soil into a lake). It can also enter 
the biocycle (plants, animals and humans). 
Iron oxides formed by surface weathering display three major characteristics. They 
colour the material with which they are mixed in a sticking manner; they are present only as 
very small crystals (5- 100 run in size) and they exhibit a large and reactive surface area. In 
addition, there is often substantial replacement of Fe by Al in the iron oxide structures (22) .  
Precipitation, dissolution and reprecipitation of Fe oxides in the environment depends 
very much on factors such as pH, Eh, temperature and water activity. For this reason, the 
different iron oxides may serve as indicators of the type of environment which they were 
formed. Goethite and hematite are thermodynamically the most stable iron oxides under 
aerobic surface conditions and they are, therefore, the most widespread iron oxides in soils and 
sediments. Other iron oxides are, however, also found in the environment because, although 
they are thermodynamically less stable, their formation is kinetically favored (22). 
1 . 1 .4 Yel low-brown goeth i te 
The yellow-brown goethite occurs in almost all soils and other surface formations (e.g. lakes, 
streams), whereas the red hematite often colours soils of tropical and subtropical regions. 
Higher temperatures and lower water activities in the latter regions are important parameters 
which partly account for this phenomenon. The ratio of goethite to hematite varies greatly 
with local conditions and is therefore, an environmental indicator. The same is true for the 
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extent of Al for Fe substitution; this ranges from 0 to 33 mol% for goethite and from 0 to 16 
mol% for hematite. Its extent reflects, among other things, the availability of aluminum 
during iron oxide formation. Goethite has also been found in the teeth of certain mollusks 
(limpetsm chitons), but as yet, hematite has not been found in living organisms (22). It is now 
generally accepted that goethite precipitates directly in solution via a nucleation-crystal 
growth process, whereas formation of hematite requires the presence of ferrihydrite particles 
by a dehydration/rearrangement mechanism. No direct, solid-state transformation of goethite 
to hematite by simple dehydration has so far been observed under surface conditions; it may, 
however take place after sediment burial. Although soil goethites may be acicular or fibrous 
and hematites may appear as hexagonal plates, both oxides are most frequently isometric and 
irregularly shaped (22). 
1.1.5 Lepidocrocite 
Lepidocrocite is generally less widespread than its polymorph, goethite but it does occur 
frequently as orange accumulations in certain environments. These are characterized by the 
presence of Fe2+ from which lepidocrocrocite forms upon oxidation. The presence of this 
mineral, therefore, indicates a deficiency of oxygen; in soils this is due mainly to excessive 
moisture. Lepidocrocite may exist on a pedogenic time scale (103 years) because, although it 
is metastable with respect to goethite, its formation may be kinetically favored and, 
furthermore, its transformation to goethite is extremely slow. In carbonate-rich solutions, 
formation of lepidocrocite is prevented and goethite forms (from Fe
2+) instead. Soil 
lepidocrocites resemble the lathlike crystals produced in the laboratory. Lepidocrocite is 
found in various biota including sponge spicules and the teeth of chitons (22). 
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The occurance of fenihydrite appears to be l imited to those situations where Fe2+ is 
oxidized rapidly (in comparison with lepidocrocite formation) and/or where crystallization 
inhibitors are present. Such inhibitors include organics, phosphate and sil icate species, all of which 
are widespread in natural environments and have a high affinity for the iron oxide surface. Because 
of the high rate of oxidation during its formation and/or the presence of inhibitors, ferrihydrite is 
poorly crystal l ine with a very small particle size (and hence a surface area greater than 200 m2g- I). 
Inhibitors stabi l ize ferrihydrite and retard its transformation to more stable minerals (22). 
Typical environments in which ferrihydrite exists are iron containing springs, drainage 
lines, l ake oxide precipitates, ground water and stagnant-water soils, river sediments and in the 
oceans, deep sea crusts and manganese nodules. Oxidation of Fe2+ to ferrihydrite can proceed via 
an inorganic pathway, but may also be assisted by micro-organisrns such as Gal l ionel la and 
Lepthotrix (22). The oxidation reaction (termed iron respiration) supplies the micro-organism 
with energy. Where micro-organisms have been involved, sheaths of bacteria fil led with 
fenihydrite particles may be found. Ferrihydrite is related to ferritin, an iron oxyhydroxide­
phosphate association which acts as an iron reservoir in l iving organisrns(22). The micelles of 
ferritin are encapsulated in a shell of protein molecules which may prevent conversion to more 
crystalline, less active iron oxides thus maintaining the abil i ty of the core to supply iron (22). In 
nature, ferrihydrite is considered to be a necessary precursor to the solid state formation of 
hematite. It may, however, also transform to goethite over a wide pH range by a 
dissolution/reprecipitation process (see Figure 1-2). Such a mechanism is feasible in view of the 
much higher solubility of ferrihydrite (PKs 37-39) in comparison with that of goethite (PKs �42). 
The transformation is slow at neutral pH (months to years), but can be greatly accelerated (days) 
by organic reducing agents such as cysteine its occurrence in lakes, streams and hydromophic 
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soils, i. e. environments where oxidizing and reducing conditions alternate and hence an active iron 
turnover exists (22). 
1 . 1 .6 M aghemite 
Maghemite is among those iron oxides found invariably in the soils of the tropics and sUbtropics, but 
can also occur occasionally in soils of more temperate regions of the world. Maghernite may form 
during pedogenesis (soil formation) by several pathways. One is by oxidation involving magnetite 
inherited from the parent rock or formed in soils. If derived from a titano-magnetite, maghernite 
may contain titanium in the structure. Another, probably more widespread, mechanism involves 
conversion of other iron oxides such as goethite; the essential prerequisites are heat (from bush or 
forest fires) and the present of organic matter. This mechanism may operate in temperature regions, 
but it is more common in the laboratory, involving dehydration of lepidocrocite. However, this is 
the least likely to be operative in nature (22). Maghernite formed by oxidation of maghernite may be 
well ordered and may display superstructure lines, whereas a poorly ordered material without 
superstructure lines and often containing structural aluminum, results from the firing of other iron 
oxides (22). 
1 . 1 .7 M agnetite 
Magnetite in soils IS often of lithogenic ongm. It can, however, be formed in surface 
environments by biological processes and has been detected in various biota including bacteria 
(magneto tactic bacteria), bees and pigeons. The presence of magnetite is considered to be 
related to the directional sense of these organisms. Magnetotactic bacteria have been identified 
in marine, limnic and soil environments. In constrast to the comparatively large size of 
magnetite crystals in rocks, the magnetite crystals in bacteria are only in the 0. 1 Ilffi range (22). 
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Table 1 -3 :  General physical and chemical characteristics of iron-oxide mineral. 
M i neral n a me: H ematite M aghcmite 
Fo rmula:  a-Fe,OJ ,,(-Fc,OJ 
Crystal system Tngonal Cubic or 
Tetragonal 
Cell dimensIOns d a = 0.5034 a = 0.834 
(nm) c = 1 .3752 or a = 0.8338 
c = 2.50 1 4  
Formula units. per umt 6 8 
cell. Z 
Density (gcm') 5.26 4 87 
Octaheddra I occupancy 2/3 
Maximal AI-for-Fe 1 /6 c 
substitution 
Standard free energy of -742.81 -683.8' 
formation 6Go _727.4h 
(KJ mor') 
Solubility product h 42.2-4 3 . 3  40.5 
(pFe + 3 pOH) 
Type of magnestlsm Weakly Ferrimag. 
ferromag. Or 
antiferromg. 
Neel tempcrature (K) 955 n. k. 
POints of zero degree (pzc) are generally between pi! 7-8. 
• After towe and Bradley ( 1 987). ( 3 5 )  
C After Russell ( 1 979). (36) 
C AI-substitutIOn pOSSible but max not known 
, After Garrels and Chnst ( 1 965). (38) 
I Depends on panIcle size. 
n k. = not known 
M agnetite Goethi te  
FcJO. a-FcOOH 
Cubic Orthorhombic 
a = 0.839 a = 0.4608 
b = 0.9956 
c = 0.302 1 5  
8 4 
5 . 1 8  4.26 
- y, 
c 1 /3 
- 1 0 1 6.2' -489h 
4 3 . 3 -44.0 
Antiferromag. Antiferromag. 
850 400 
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Lepidoc roc ite Ferrihydrlte Feroxyhyte 
SFe,OJ.9 H ,O 
Fe, I- IO,.4 H ,O· 
),-FcOOH FC6(O, H J)Jb o '-FcOOH 
Fe,O.J'l;2FeOOH. 
2.6H,O' 
Orthorhombic Trigonal He)(agonal 
a = 0 88 a = 0.508 a = 0.293 
b = 1 .2 54 b =  0.94 b = 0.460 
c =  0.307 
4 4 2 
4.09 3 96 4.20 
y, >2/3 1 /2 
c n k. n. k .  
-476 5h -696.0' n. k .  
40 .6-42 . 5  37.0-39 4 n. k. 
Speromg. Femmag. Ferrimag. 
77 2 5- 1 1 5' 440 
b After Chukhrov er. al. ( 1 973). (24) 
d Changes with substituallon for Fe by cations of di fferent radii. 
1 After Roble and Waldbaum ( 1 967). (37) 
h A fter Mohr et AI ( 1 972). (39) 
K Bloking temp (Murad et. al . 1 988), (40) 
AlGIganeite 
p-FeOOH 
Tetragonal 
a = 1048 
b = 0.3023 
8 
3 56 
1 12 
n k. 
n k. 
n. k. 
, 
I 
Antiferrornag. I 
I 
I 
295 I 
1 . 1 .8 Other types of i ron oxides 
Other iron oxides do occur in the environment, but are rare. Akaganeite (P-FeOOH) is formed in 
nature under the same conditions used in the laboratory synthesis, i.e. in the presence of high 
chloride concentrations and at a high temperature (e.g. 60 QC). Examples are the hot brines of the 
Atlantis Deep of the Red Sea and the hot springs of similar composition of the White Island volcano, 
ew Zealand. Natural and syntl1etic akaganeites frequently display similar morphologies (22). 
Only a few occurrences of feroxyhyte have been reported so far; these were in some soils, 
in ochreous bands of Pleistocene sediments and in marine concretion. Nothing is known about the 
mechanism of formation in nature, although rapid oxidation may be presumed to be involved (22). 
The as yet unnamed Fe(llI) oxyhydroxysulfate seems to be a common ochreous precipitate 
in the presence of air. The Fe2+ in this sulfate containing, extremely acidic (PH<3) waters can only 
be oxidized with the assistance of a micro-organism, Thiobaci l lus ferroxydans. Formation of the 
Fe(III) oxyhydroxysulfate requires the presence of high sulfate concentrations (> 1 000 mg Cl)  and 
associated iron products may be goethite and jarosite, KFe3(S04)2(OH)6 (22). 
1 .2 Catalytic behaviour of iron oxides 
S urface chemistry is of vital importance in numerous processes, inc luding corrosion, 
adsorption, oxidation, reduction and catalysis.  Particles in the 1 - 1 0  nm range open a new vista 
in surface chemistry because surface-reactant intersections can become stoichiometric . This is 
for two reasons. First, the large surface areas of nanostructured materials dictate that many of 
the atoms are on the surface, thus al lowing good "atom economy" in surface-gas, surface­
liquid, or even surface-sol id reactions. Figure 1 -3 i l l ustrates the calculated numbers of iron 
atoms on spherical iron metal nanopart ic les that are surface or bulk (interior) atoms. 
Relatively smal l sizes are necessary; e.g. a 3 nm particle has 50% of the atoms on the surface, 
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while a 20 nm particle has fewer than 1 0%.  Hence, in order to benefit from the desired atom 
economy, small  nanosized particles are needed (4 1 ) . A second aspect of surface chemistry 
involving nanoparticles is the enhanced intrinsic chemical reactivity as the size gets smal ler. 
The reason for this enhanced reactivity is most l ikely due to changes in the crystal shape: for 
example, changes from cubic to polyhedral shapes, when the surface concentration of edges 
and comer s ites increases considerably, as demonstrated in Figure 1 -4 for MgO crystals (42) . 
However, there are other features that can affect the surface energy. As the crystal size 
becomes smaller, anion/cation vacancies of Frenkel or Schottky type become prevalent. In 
addition, atoms on the surface can be distorted in their bonding patterns (43).  S ince surface 
chemistry is of such major importance in aspects of nanoparticles (44-46), atom economy (47,48) 
and surface chemical reactions, (either stoichiometric or catalytic) must be considered. 
Adsorption, catalysis, medication utilization, acid-base reactions and neutralizations, and reactions 
in which solids are consumed can all be significantly affected by such factor. 
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Figure 1 -3 :  Calculated surface to bulk atom ratios for spherical iron nanocrystals( l ) . 
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Figu re 1 -4 :  Models of (a) nanocrystal line (AP-MgO); (b) microcrystall ine (CP-MgO); (c) 
normal commerc ial ly a ai lable (CM-MgO) magnesium oxide crystals (2) .  
1 .3 Reactivity of some compounds on pure iron oxide 
1 .3 . 1  Reactivi ty of s imple molecules on i ron oxide powder 
Iron and iron oxide based catalysts have been widely used in several industrial processes such 
as dehydrogenation, oxidation and the Fisher-Tropsch synthesis (49 50). Nevertheless, only a 
few studies about the chemisorption of small inorganic and organic molecules on iron oxides 
have been so far published (51-69) and many aspects of the reactivity of hematite surfaces are 
not yet completely understood. A detailed knowledge of the distribution and strength of the 
active sites of iron oxide surfaces is fundamental to understand the reactivity of iron oxide 
based catalysts as well as to design more active catalytic systems. 
1 .3.2 Alcohol 
The reactivity of iron oxides wi th alcohols is interesting for two reasons : (a) alcohols are 
important intermediates in several chemical processes; and (b) the interaction between 
alcohols and oxide surfaces can help in understanding the relationships between surface 
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acidity and the alcohol decomposition mechanism (5 1 ) . As an example, decomposition of 
butan-2-ol general ly yields butanes by dehydration over acidic catalysts and yields ethyl 
methyl ketone by dehydrogenation over basic catalysts (70). 
1 .3.3 Reaction with methanol 
The mechanism of chemisorption of alcohol molecules on an oxide surface strongly depends 
on the degree of hydroxylation of the surface (7 1 ) . On an ' ideal '  dehydroxylated surface the 
mechanism can be dissociative, to produce hydroxyl groups and alkoxy groups, or molecular, 
by interaction of the alcohol molecules with the Lewis ac idic and basic sites. Three further 
types of chemisorption modes can be possible for a ' real ' hydroxylated surface: replacement 
of molecular water present on the surface, esterification with acidic surface hydroxy groups 
and re ersible adsorption on the surface hydroxyl groups or on methoxy groups, through 
hydrogen bonds (72 . In order to characterize the species formed during the decomposition of 
methanol on an Fe203 catalyst in the h igh vacuum environment, XP spectra of the iron oxide 
surface before and after chemisorption have been compared (7 1 ) . 
The methanol i s  chemisorbed at RT on the Fe203 both dissociatively and molecularly. 
Around 400 K the molecularly chemisorbed methanol partial ly dissociates, giving rise to 
coordinated methoxy groups, and partial ly  decomposes. The decomposition path is via 
oxidation i f  oxygen i s  present and via fragmentation when oxygen is absent. In the high 
vacuum system the temperatures at which methanol and methoxy groups decompose (420 K 
for methanol and 550-570 K for methoxide) are higher than in the high temperature and high 
pressure (HTHP) reactor (380 K for methanol and 500-550 K for methoxide, respectively) . 
The presesnce of H2CO, CO2 and H20 around 600-625 K may be due to the reaction path 
andlor to the decomposition of formate ions Figure 1 -5 (7 1 ) . 
1 9  
\ IH20I . ...... , \ .•.• �-. " " -'� � \ICHJOHI ' � ,:  
... � �. .. .. � .' ' .... " \ . - - - :',,� - . .  - - , � , , - - - . 
300 
. .... .... .... ... ... 
500 
- - - - - - - ... ... - .. - ,  .. 
300 500 
TIK 
700 
1.3.4 Reaction with ethanol  
Figu re 1-5:  Desorption peaks obta ined by the 
M spectrum for the systems:  (a) Fe20J­
methanol stud ied in the HTHP reactor; (b) Fe203 
+ (02-methanol) studied in the HV system .  
Ethanol begins to be desorbed from the surface around 320-340 K; between 450 and 500 K both 
ethanol and ethoxy groups are desorbed from the surface and decompose, giving rise to C2�, C2�, 
CJ� C3Hs and H20.  The formation of these species is also evident at 630 K. Traces of ethanoate 
are present and increase with the temperature. At h igh temperature the formation of propane is 
e ident Figure 1 -6 (69). 
TI K 
Figure 1-6: Desorption peaks obtai ned by the M spectrum for:  (a) Fe203-methanol and (b) 
Fe2 3-ethanol,  stud ied under h igh vacuum cond itions. 
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1 .3 .5 Reaction " i t lt higher alcohol 
\-\Then the higher alcohols (propan- l -ol and butan- l -ol) are taken into consideration both 
FTIR and M data become more complex and their interpretation is not always unambiguous. 
The chemisorption of higher alcohols on hematite is mainly molecular , even in the presence of 
a small quantity of alkoxide . 111e dissociated form becomes more relevant with increasing 
temperature. The main chemisorption products are hydrocarbons : linear chain hydrocarbons 
from ethanol , unsaturated and saturated hydrocarbons with three and four carbon atom chains 
from propanol and butanol (7 1 ) . 
1 .3 .6 React ion with carbon monoxide and carbon dioxide 
The exact nature of the interaction betvveen CO and a-F�03 is still unresolved and several authors 
have reported different results (73-76). Several authors have attempted to compare the behavior of 
polycrystal line samples and well-defined model surfaces. 'This comparison is not so straightforward 
for hematite. atural growth faces of a-Fe203 are (00 1 )  and (0 1 2) respectively (77). The reactivities 
of the a-Fe203 (001 )  surface and of a powder sample are different: as an example, methanol adsorbs 
molecularly on the a-Fe203 (00 1 )  surface (78) while the interaction is mainly dissociative on the 
nanopowders (7 1 ). In addition, IR results suggest a mechanism of esterification involving the OH 
groups distributed on the oxide surface (7 1 ). In powder samples, the predominantly exposed faces 
depend on the preparation procedure and particle size (79); a-Fe203 microcrystals with preferentially 
low index faces (mainly prismatic) can be obtained by thermal decomposition of a-FeO(OH) (74). 
The IR peak observed after exposure to CO (2054, 204 1 ,  2024 and 20 1 2  em-I)  can be tentatively 
assigned to the interaction with five-, four- and three-fold coorclinated Fe
3+ ions respecti ely. The IR 
spectrum obtained after exposing the a-Fe203 to C� at RT is shown in Figure 1 -7. 
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Figure 1 -7 :  IR spectrum obtained after the exposure of the a-Fe203 (hematite) powder to the 
CO2 at RT; region between 1 000 and 1 800 cm" l . 
The region between 1 200 and 1 750 cm" 1 includes several peaks at ca. 1 67 1  (with shoulders around 
1 650 and 1 620 cm"l ) 1 556, 1 396 and 1 269 cm" 1 (with a shoulder around 1 3 1 6  cm" I ) .  The position 
of the bands at 1 67 1  1 396 and 1 269 (Table 1 -4) is indicative of the formation of surface 
bicarbonate species (80,8 1 )  as a consequence of the interaction between CO2 and the surface OH. 
In contrast, the weak contributions around 1 556 and 1 3 1 6  cm" 1 agree with the fom1ation of surface 
bidentate carbonate species (8 1 ,82) as a consequence of the adsorption of CO2 on a Lewis 
acidlbase site constituted by the metal ion and the neighbouring oxide ion (83).  
Rochester et al. (52) studied the interaction between CO2 and an a-Fe203 (hematite) powder 
synthesized by decomposition of a ferrigel precipitate (obtained by mixing aqueous solution of 
NaOH and FeCh).  These authors observed a peak centred around 1 320 cm" 1 after the 
exposure at CO2 of an hematite powder heated at 7 1 3 K while no evidence for the adsorption 
of CO2 could be detected on hematite heated at 973 K. The presence of the bicarbonate 
species is c learly evident and suggests a high hydroxylation of the surface; the surface 
bidentate carbonate species form to a lesser extent (56) .  
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Table 1 -4 :  FTIR data (cnf ' ) of carbon dioxide adsorbed on Fe203 powder; the reference data 
for the carbonate and bicarbonated species are also reporteda. 
CO2/Fe20)b Carbonate Complex Organic Bicarbonate 
c=o stretching 1 577- 1 493 1 870- 1 750 1 630- 1 620 
Asymmetncal 1 67 1  1 420- 1 470 1 338 - 1 260 1 280- 1 252 1 4 1 0- 1 400; 
stretching C-O 1 370- 1 290 
Symmetncal 1 396 1 082- 1 055; 1 02 1 -969 1 050- 1 0 1 0; 
stretching C-O 1 050- 1 02 1  1 000-990 
O-H bending 1 269 
a 80 0 5 8  
The chemisorption of carbon dioxide was also carried out under high vacuum 
conditions and fol lowed by means of XPS and QMS. The Fe 2p and 0 I s  XPS peaks position, 
their shape as wel l as the surface atomic composition do not change after the exposure to CO2 
at RT or at higher temperatures (Figure 1 -8) .  This suggests that the interaction between u-
Fe203 and CO2 is  weak and cannot withstand the vacuum conditions. 
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Furthermore, it was found that the QM results never showed at temperatures lower than 473 
K species derived from the decomposit ion of the carbon dioxide (56).  
1 .3 .7 Reaction with formic acid 
Glisenti has investigated the interaction of formic acid with Fe203 (67) . She studied the 
interaction between iron oxide and molecules characterized by a more acidic behavior than the 
alcohols in order to in estigate the acid-base properties of the catalytic surface. The 
selectivity for dehydration versus dehydrogenation of carboxyl ic acids and alcohols has been 
used as a probe for the acid-base properties of metal oxide surfaces. Basic oxides are 
general ly assumed to have a high selectivity for dehydrogenation, whi le acidic oxides favor 
dehydration (50 84, 85) .  Several Brbnsted and Lewis acid sites are present on the hematite 
surface :  their distribution and number change as a consequence of chemisorption and heating. 
The chemisorption of formic acid molecules on a dehydroxylated surface can be dissociative 
(to produce hydroxyl groups and formate groups) or molecular (by interaction of the formic acid 
molecules with the Lewis acid sites). In the I-N experiment the iron oxide surface is almost free of 
hydroxyl groups and the interaction between these groups and the formic acid molecules cannot be 
relevant. It was found that the hydroxy groups increase after chemisorption (Figure 1 -9) in 
agreement with the interaction mechanisms suggested for the dehydroxylated surfaces (56). 
On a hydroxylated surface other mechanisms are possible, in which hydroxy groups and 
water molecules may be involved. In particular, the formic acid chemisorption abruptly decreases the 
free or almost free OH groups present on the surface (Figure 1 - 1 0) suggesting that the interaction 
between formic acid molecules and free hydroxy groups is an important step in the chemisorption 
mechanism The existence of strong contributions due to the formic acid and formate species does not 
allow us to verify whether water molecules are perturbed by the chemisorption of fomlic acid (56). 
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These results suggest the importance of the interaction between formic acid and/or Lewis acid 
sites present on the surface of the catalyst. Formic acid chemisorbs, at room temperature, molecularly 
and dissociati ely, both in HV and at atmospheric pressure. The dissociation of the formic acid with 
the formation of the formate moieties becomes more important when the temperature is increased (56). 
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Figu re 1 -9: XPS data obtained on the F�03 catalyst calcined at 723 K: Fe 2p spectra (a) before 
and after chemisorption of HC02H at (b) RT and (c) 773 K; C i s  spectra after chemisorption of 
HC02 H  at (d) RT and (e) 773 K; 0 l s  spectra of the sample as calcined (the results of the fitting 
procedure are also shown) (f), and of the sample (g) before chemisorption (but after the cleaning 
procedure) and after chemisorption of HC02H at (h) RT and (i) 773 K. 
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Figu re 1-1 0: FTIR reflectance spectra of the Fe20J sample: O-H stretching region obtained 
before ( ) and after ( . . . . . . . . .  ) chemisorption of HC02H.  
1 .3.8 Reaction with Carbon tetrach loride 
There is  a growing interest in  understanding the reaction paths and reactive sites of iron-oxide 
s urfaces at the molecular level within the context of environmental applications (86) .  For 
example, a particular molecule of interest for environmental studies on iron oxide surfaces is  
carbon tetrach loride (CCI4) . CCl4 has been considerably  investigated in the l iterature (87,  88)  
and therefore can be used to model the surface reactions of iron oxides with various chemicals 
contain ing the C-Cl bond. In  addition, CCl4 is a common contaminant in a variety of natural 
settings ( 89),  and i ts chemistry is relevant to its potential use as a tracer in geophysical 
investigations. Study of the molecular level chemistry of CC14 with iron oxides requires the 
investigation of wel l -characterized single-crystal surfaces of iron oxides. Them10gravimetric 
analysis (TGA) (90), as well as gas chromatographic (GC) and mass spectroscopic (MS) 
studies of  the chemical reactions of CC14 with powdered U-Fe20J (9 1 )  indicate that thermal 
decomposition of  CCl4 in the presence of  U-Fe203 occurs at temperatures above approximately 
650 K; however, the reactive surface sites have not been identified (87) .  
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Figure 1 - 1 1 :  TPRID spectra col lected after exposing a freshly sputtered and annealed 
selvedge surface to 2 L of CCl4 at an adsorption temperature of approximately 1 00 K. The 
temperature ramp rate is 2 . 5  Kls. 
Figure 1 - 1 1 shows the TPRID spectra col lected after exposmg a freshly sputtered and 
annealed Fe304 selvedge surface to 2 L of CC4. The spectra are complex and indicate a rich 
surface chemistry corresponding to the variety of binding sites expected for this surface (92, 
93) .  S ix  separate desorption features are c learly observed. The CCl4 desorption spectrum 
consists of three wel l -resolved desorption waves. The overal l  surface chemistry can be 
expressed by the fol lowing schematic chemical equations: 
l OO K  
l OO K  
) CC4(ad) � CC4(g) 
) CCh(ad) + 2Cl(ad) 
� CC14(g) 
� Y2 C2C14(g) + 2CI(ad) 
...  lattic D ) OCCh(g) + 2Cl(ad) 
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(5) 
(6a) 
(6b) 
(6c) 
Eq. (5)  describes a simple physisorption at 1 00  K on unreactive surface sites, followed by 
desorption upon heating during the TPRID temperature ramp. The left hand side of Eqs. (6a)-{6c) 
describes dissociative chemisorption, which must occur at temperatures below 250 K since this is 
the lowest temperature at which the onset of C2C4 and OCCl2 desorption can be measured. 
Dissociatively chemisorbed species eventually react to generate one of three possible products: 
CCw is produced by recombinative desorption (Eq. (6a)), C2C4, by associative desorption (eq. 
(2b)), and OCCI2, by extraction of an oxygen atom from the surface lattice (Eq. (6c)). Though not 
shown in the above equations, a fraction of the CI left behind in Eqs. (6b) and (6c) is ultimately 
observed to desorb in the form of FeCh at temperatures in excess of 820 K (87). 
1 .3.9 Reaction with hydrogen peroxide 
Hydrogen peroxide has been found to be useful in wastewater treatment (94,95) and in soil 
remediation (96,97). I t  is a powerful oxidant for contaminants working either alone or in 
conj unction with a catalyst (98) .  The most common homogeneous catalyst is Fe2+. When 
combined with H202, it is wel l known as Fenton' s  reagent (98); heterogeneous catalysts 
involve metal oxides, and supported metal oxides (99). Recently, the appl ication using iron 
oxide catalyst has been studied extensively (96, 99- 1 02). Goethite, hemati te, semicrystal l ine, 
and ferrihydrite have been used as catalysts to treat the organic contaminants (58 ,63 ,64). 
In earlier work ( 1 00, 1 03, 1 04), the catalytic decomposition of hydrogen peroxide with 
metals or metal oxides has been described by the Weiss mechanism, in which the major reaction is: 
(7) 
where S denotes the active site on the catalyst surface and SC represents the oxidized site. 
Recent ly ( 1 998), Lin and Gurol ( 1 05)  suggested the Weiss mechanism cannot appropriately 
explain the decomposition of H202 by granular goethite. Based on the surface complexation 
28 
of iron oxide, they proposed another reaction mechanism which is sim.i lar to the Fenton-like 
reaction of Fe3CIH202 system ( 1 06) .  The H202 decomposition rate (RH) can be expressed as 
given in eq. (8) according to the new reaction mechanism proposed in Table 1 -5 :  
(8) 
the surface sites, and [H2�] represents the H202 concentration in the batch reactor. This equation 
resembles the classic Langrnuir-Hinshelwood equation (L-H equation) ( 1 07) in heterogeneous 
catalysis, where k and KH correspond to the rate constant and equilibriwn binding constant ( 1 0 1 ). 
The kinetic model has been verified at pH 7 between 1 . 1  and 1 1  rnM of [H202] . When KH[H202] « 
1 ,  Eq. (8) can be reduced to a second-order kinetic expression verified by Lin and Gurol ( 1 05): 
(5 )  
Table 1 -5 :  Proposed mechanism for decomposition of H202 on goethite ( 1 05) .  
+ 
H + . 0 -2 
+ 
Chou and Huang ( 1 08) have proposed the fol lowing conclusions: 
1 .  The decomposition rate of H202 is proportional to both CH and concentration of the catalyst at 
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low CIl but decays at high CH, which can be interpreted usmg the modified Langrnuir-
Hinshelwood equation by incorporating the substrate inhibition model (see Figure 1 - 1 2, 1 3) ( 1 08). 
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Figu re 1 - 1 2 : Effect of H202 concentration on (a) the conversion and (b) the decomposition 
rate of H202. l = 1 1 . 8 min, m = 1 67 gil, m denotes the catalyst concentration. 
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Figure 1 - 1 3 : Relationship between catalyst concentration and K 'obs. CHi = 24.4 mM, m = 1 67 
gil pH = 4.8 .  
2 .  The effect  of  pH on !cobs can be attributed to the large differences in reaction rates between 
H20;! and three surface species of iron oxide, i.e. == FeIIlOH ; and == FelIlO' (see Figure 1 - 1 4) ( l 08). 
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Figu re 1 - 1 4 : Model fitting for H202 decomposition at different pH values. The sol id l ine 
represents the model prediction. 
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1 .4 Reactivity of complicated molecu les on iron oxide powder 
1 .4. 1 Water-gas sh ift reaction 
The water-gas shift reaction, CO + H20 = C02 + H2, has been used to produce hydrogen from 
synthesis gas stream generated by the steam reforming of hydrocarbons ( 1 09). The reaction has also 
been applicable to the catalytic reactions of the hydrocarbon oxidation and the auto exhaust 
combustion. The isotopic exchange study on the catalytic water-gas shift reaction shows that the 
carbon atom transfer between CO and C02 and the oxygen atom transfer among CO, CO2 and H20 
occurs during the reaction ( 1 1 0, 1 1 1 ). The study has indicated the reaction to be reversible, which 
make feasible its application in converting CO2 to CO. Many investigators have reported that metals 
and metal oxides are effective catalysts for the water-gas shift reaction ( 1 1 2). Among the metal 
oxide catalysts tested so far, Fe30JCr203 and CulZnO systems are known to be the most active 
catalysts for the reaction. An Fe30JCr203 catalyst, considered as a high temperature catalyst, is 
prepared in the form of ferric oxide and then some chromium oxides are added to prevent the 
thennal sintering of the catalyst in the operation. Iron oxide-based catalysts are still widely studied 
in the catalytic reactions such as the water-gas shift reaction, the oxidation of hydrocarbons, the 
conversion of COz to CO, or the Fischer-Tropsch reaction ( 1 1 3 , 1 1 4). The AulFez03 catalyst 
. . 
exhibits a high catalytic activity even at low temperature (383-633 K) in the water-gas shift reaction; 
this result attracts much attention in developing the iron oxide-based catalyst ( 1 09). 
1 .4.2 Adsorption and  decompos i tion of dimethyl methyl phosphonate on metal oxides 
Within the last few years important studies of the fundamentals of the interactions between 
organophosphonate compounds and metal oxide surfaces have been carried out ( 1 1 5- 1 35). 
Dimethyl methylphosphonate (DMMP), Figure 1 - 1 5, is a widely used model compound for the 
simulation of the interactions of phospho nate esters with surfaces. Phosphonate esters occur widely 
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in the spectrum of toxic man-made chemicals, being used as pesticides and chemical warfare agents. 
Figure 1 - 1 5 :  Dimethyl Methylphosphonate (DMMP). 
The i nteractions of phosphonate esters with metal oxide surfaces are important for the study of 
the fate and transport of pestic ides in  soils and in the development of catalytic agents for the 
destruction of chemical warfare agents and for the protection of personnel ( 1 36) .  
The decomposition behavior of DMMP on metal oxides can be most easily examined with 
infrared spectroscopy by studying the methyl stretching modes. The decomposition proceeds on 
alumina, magnesia, and lanthana via very similar paths ( 1 36). The first step is coordination on the 
surface through the P=O bond to acidic surface sites. Subsequently, stepwise loss of the two 
methoxy groups is observed, with the evolution of methanol from the surface. In the case of 
magnesia, evidence is seen for the formation of a surface methoxy group which is lost when oxygen 
is added at 300 0c. Evidence has been found for the formation of surface methoxy groups on both 
magnesia and lanthana. The integrity of the P-CH3 bond is maintained even on heating to 300-400 
°C in oxygen ( 1 36). 
On iron oxide, the interaction of the surface with DMMP appears to proceed in a 
different fashion. The complex formed between the surface and the Pd� bond is much 
stronger, since the P=O vibration appears to shift to 1 077 cm- ' at 1 00 °C, compared to a shift 
to 1 1 72 cm-' at 1 00 °C on lanthana. Additional ly, there is  indication of the fonnation of a 
second type of complex, one involving the nucleophi l ic attack of a surface OH group at the 
phosphorus atom of  DMMP ( 1 36) (Figure 1 - 1 6) .  
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Figure 1 - 1 6 : Nucleophi l ic attack of the surface on DMMP. 
However, even at 100 °e, no elimination of a significant fraction of the methyl groups is indicated 
by a loss of intensity, unlike on magnesia or lanthana surfaces, whereby at 1 00  °e, one methoxy 
group had already been eliminated. Decomposition takes place on the iron oxide surface at 1 00  °e 
and even more strongly by 200 °e, as indicated by the loss of intensity in the methyl stretching 
region and the formation of the surface methoxy groups; however, there is no apparent selectivity for 
either the methoxy groups or the phosphorus-bound methyl group. On iron oxide, all the carbon 
containing species appear to be eliminated from the surface by 300 0c. The oxidation of the P-CH3 
bond of DMMP on iron oxide is made possible by the participation of the Fe(TII)/Fe(II) couple ( 1 36). 
1 .4.3 Adsorption of chlorophenols 
The presence and widespread use of chlorinated aromatic solvents, chemical cleaning agents, 
biocides, preservatives and pesticides in the environment represents a serious problem because of 
their toxicity, persistence and accumulation potential in  plants and animal tissues ( 1 37, 1 38). 
Soluble chlorinated organic compounds have recently shown their extended potential to enter the 
food chain ( 1 39). Due to their low and inefficient bio-degradabil ity these compounds are found in 
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natural water bodies. Chlorination of drinking waters (disinfection) under day light irradiation leads 
to the formation of chlorophenols especially in the presence of humic acid ( 1 40). Environmental 
photochemistry on semiconducting surfaces has been also shown to be determined by the surface 
adsorbed species which play an important role in scavenging the photogenerated charges ( 1 4 1 - 148). 
The mechanism of chlorophenol adsorption from the gas phase on dry oxide was 
observed to be d ifferent from that in aqueous solutions. The adsorbed species produced upon 
absorption from the gas phase were found to be very stable and heating to 1 20 °C did not 
promote desorption of these species. The observations for gas phase adsorption and from the 
aqueous solutions can be represented schematically (Figure 1 - 1 7) :  
A 
Figure 1 - 1 7: Adsorption of chlorophenol compounds in solution and gas phase. 
This scheme shows chlorophenol (CP) in equilibrium with the adsorbed water layer on 
the oxide s urface and the bulk water ( 1 4 1 ) . In this model, only a few chlorophenol molecules 
can reach the oxide surface and form the surface complex. The gas phase adsorption of 
chlorophenols i s  not l imi ted by the chlorophenol dissolution in water, and therefore, a higher 
surface adsorption is observed ( 1 4 1 ) . 
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Figure 1 - 1 8  (a) and (b) show adsorption isotherms in aqueous solution for 2-CP, 2,3-
DCP, 2 4-DCP and 2 ,4,6-TCP on a-Fe203 and a-FeOOH. Mono-, di- and trichlorophenols 
exhibit simi lar adsorption properties on both iron oxides. The amounts adsorbed show the 
progression: 2-CP > 2, 3 -DCP > 2, 4-DCP > 2,4,6-TCP. As described before ( 1 4 1 ), the 
higher adsorption of 2-CP is due to the higher solubil ity of 2-CP and its lower hydrophobic 
character. However, in these studies the adsorption results could not be fitted by a Langmuir 
or Freundlich adsorption isotherms. 
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Figure 1 - 1 8: (a) Adsorption isotherm of: (a) 2-CP, (b) 2,3-DCP, (c) 2,4-DCP, Cd) 2,4,6TCP on 
hematite. (b) Adsorption isotherm of: (a) 2-CP, (b) 2,3-DCP, (c) 2,4-DCP, (d) 2,4,6-TCP on goethite. 
This suggests the simultaneous presence of both chemical and physical interaction taking 
place between the adsorbate and adsorbent ( 1 49- 1 5 1 ) . 
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1 .4.4 Reaction with Pyridine 
The IR spectrum of the a.-F�03 exposed to pyridine at RT and heated at 373 K for 1 0  min is  
reported in Figure 1 - 1 6. The intensity of the py-L ; peaks decreases more than that of  the py-B ; , 
thus suggesting that the bond between pyridine and the L;  is weaker than the bond between 
pyridine and the B ;  . The spectra obtained after exposure of the a.-Fe203 powder to pyridine at 
373 K are shown in figure 1 - 1 9  (56). 
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Figure 1 - 19 :  IR spectra obtained after the exposure of the a.-F�03 (hematite) powder to the pyridine 
+ 2 mixture at RT �, and after heating the obtained system at 373 K C . . . .  ) ; IR spectra obtained 
after the exposure of the a.-F�03 (hematite) powder to the pyridine + N2 mixture at 473 K 
It can be seen that the py-L ; IB ;  peaks intensity ratio increases with the temperature of exposure 
(from 1 .7 at RT to 4.7 at 373 K) suggesting that the treatment at 373 K causes the decrease of the 
B ;  , probably because of the condensation of adjacent OH groups(56). This result is consistent with 
the behaviour observed for the a.-F�03 powder heated at increasing temperatures. The heating 
treatment of the hematite powder causes the intensity decrease of the peaks attributed to the H-
bonded hydroxyl groups centred around 3663 and 3622 cm- l (Figure 1 -20) (56). 
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Figure 1-20: I R  spectra obtained for the u-Fe203 (hematite) powder before the heating 
treatment � and after the heating treatment at 323K ( . . .  ) , 373 K (---), 423 K (- . - . -), 473 K 
(-) ;  (a) region between 2600 and 3800 em- I , (b) 1 400 and 1 750 em- I . 
The chemisorption of  pyridine was also carried out under HV conditions and followed by 
means of  XPS and QMS. The presence of pyridine on the iron oxide surface was never 
revealed by XPS (at exposure temperatures between RT and 473 K) (56). This may indicate 
that the interaction between pyridine and hematite surface is not strong enough to withstand 
the vacuum conditions. The vacuum conditions also cause the condensation of the weakly 
bonded OH groups and the decrease of the Brbnsted acidity (56). 
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1 .4.5 React ion with 2,6-d imethyl pyridine 
The IR spectrum o f  the a-Fe203 obtained after exposure at  RT to a l utidine + N2 mixture i s  
shown i n  Figure 1 -2 1 .  
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Figure 1 -2 1 :  I R  spectra obtained after the exposure o f  the a-Fe203 (hematite) powder to the 
2,6-d imethyl pyri di ne (lutidine) + N2 mixture at RT (-) , after exposure of the obtained 
system to a N2 flow for 1 0  min at RT C-) and after heat i ng treatment to 373K (- - -). 
The spectrum shows the presence of several peaks centered around 1 602, 1 583, 1 470 and 1 458 em- I . 
Lutidine is a probe molecule more specific than pyridine with respect to the B ;  when adsorption is 
perpendicular to the planar surfaces. lbis characteristic relies on the steric hindrance of the probe 
molecule as well as on its higher basicity (pKa = 6. 7 for l utidine and 5.2 for pyridine) ( 1 52). Once 
again, the IR peaks observed after exposure to the I utidine are compatible with the presence of a 
l iquid layer of l utidine and analogous to the pyridine case, the IR spectrum obtained after the N2 
treatment (Figure 1 -2 1 ), clearly shows that l iquid-like lutidine is easily removed (56). 
IR peaks observed after the N2 exposure, (Table 1 -6 and Figure 1 -2 1 ), are centred around 
1 603, 1 580 and 1 45 5- 1 457 em- I and suggest the presence of 2,6-dimethyl pyridine co-ordinated to 
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the surface acid sites. The I R  spectrum of the a-Fe203 exposed to lutidine at RT and heated at 
373K (for 1 0  min) is shown in Figure 1 -2 1 .  Examination of the spectrum shows the presence of 
the 2,6-dimethyl pyridinium ion as indicated by the t\vo peaks centred around 1 645 and 1 455-
1 457 cm- I ( 1 53) .  The existence of the pyridinium ions confinns the presence of exposed B � . 
Table 1-6: FfIR data (cm- I ) of pyridine adsorbed on hematite. 
PyIFe203 a Pyridine b 
1 639 1 583 (vs.) 
1 606 
1 59 1  1 572 (m) 
1 574 
1 54 1  
1 483 1 482 (s) 
1 443 1 44 1  (vs) 
a) (b) 56, 1 53 )  
In  contrast, the heating treatment causes the condensation of the OH groups and then the 
abrupt decrease of  the Bronsted acid sites as confirmed by the I R  spectrum obtained after the 
exposure of the Fe203 powder at the 2,6-dimethyl pyridine at 473 K: in actual fact, no traces 
of lutidine bonded to the oxide surface are evident at this temperature (56) .  
1.4.6 Dehydrogenation of ethyl benzene 
The dehydrogenation of ethyl benzene is a large scale industrial reaction that is carried out at 
870 K over iron oxide catalysts in the presence of steam ( 1 54). As it is possible to prepare 
epi taxial i ron oxide films of different stoichiometry on Pt ( I l l ) single crystal ( 1 55) ,  ideal 
model catalysts for this reaction are avai lable. In addition, recently an ordered potassium-
promoted film was prepared ( 1 56) .  This is of special interest as potassium is the main 
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promoter for industrial catalysts and Increases the converSIOn rate by about one order of 
magnitude ( 1 57) .  
Figu re 1-22: Reaction scheme for the dehydrogenation of E B  on defective a-Fe203 (000 1 )  
model catalysts. 
TIlls scheme (Figure 1 -22) reveals that the active site is a rather complex ensemble and can be 
envisaged as a difficult in situ rearrangement of the catalysts surface microstructure and may account 
for the induction time observed in the high pressure reaction experiment ( 1 58). At the oxygen site of 
the defect, the elementary step of dehydrogenation of ethyl to an ethylene group takes place. In 
addition to this hydrogen abstraction there is also the transition of two electrons from the ethyl 
carbon atoms to the catalyst thus reducing the iron atoms adj acent to the receiving oxygen atoms. It 
is assumed that the iron atom which is required for the fixation of the EB molecule is not reduced in 
its valence as then the interaction with the aromatic ring would be strengthened resulting in a site 
blocking. Even though it is not known how the electron transfer occurs, a reduction of the Fe3
+ ions 
4 1  
near the oxygen anions receiving the hydrogen seems to be reasonable ( 1 58). After desorption of 
the product molecule a reduced catalyst with the two OH groups and two Fe2+ site is evident. 
l 1is  represents the deactivated state and reactions are required in order to restore the active 
site. The homolytic c leavage of the OH groups leading to the generation of hydrogen as the 
by-product would be a difficult reaction as the O-H bond strength in the deactivated state is  
expected to be strong. Otherwise the c leavage of two only weakly activated C-H bonds in 
the ethyl group would hardly occur. The deprotonation of the OH groups may be the rate­
l imiting step in the overal l  process as the surface analyt ical investigation showed that clear 
inverse correlation exists between the abundance of surface O-H groups and the EB 
conversion ( 1 58) .  
Two different situations can be envisaged for the regeneration of the active site. One 
situation assumes that the O-H groups are cleaved homolytically using the two electrons stored at 
the two OH adjacent iron atoms thus producing one molecule of dihydrogen. Such reactions are also 
discussed in other areas of C-H activation catalysis where the formation of a cyclic metal hydride 
state is envisaged which reacts with the neighboring proton from the second O-H group ( 1 58). 
The chemisorption of ethylbenzene, styrene and water occurs via interaction with 
acidic iron atoms exposed on the defect free surfaces of Fe304 ( I l l ) and (X-Fe304 (000 1 ), 
whereas physisorption without chemical interaction takes place on the FeO ( 1 1 1 ) surface 
exposing no iron atoms. The heterolytic dissociation of water on Fe304 ( 1 1 1 )  can be 
considered as an acid-base reaction, which is faci l itated by neighboring Lewis acidic iron and 
Bronsted basic oxygen sites. These s ites are located on the surface in a distance that fits to the 
geometry of the water molecule, so that they can adsorb the resulting OR and OH
+ species 
after activation and heterolytic dissociation of the molecule. EB and St chemi sorb molecularly 
onto the same adsorption site with their phenylrings oriented paral lel to the surface planes, 
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where their HOMO n-el ectron orbitals couple to empty Fe 3d orbitals of exposed iron sites. 
This interaction can also be considered as an acid-base reaction between the soft Lewis bases 
EB and St and Lewis acidic surface iron site, where the chemisorption strength is related to the 
electronic structures or acid-base characters of the reactant molecules and oxide surface sites. 
No defect-related adsorption states with higher binding energies exist (Figure 1 -23) ( 1 59). 
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Figure 1 -23:  Mechanism proposed for the styrene synthesis  reaction o n  a-Fe203 (000 1 )  
model catalyst fi lms. Ethylbenzene adsorbs at Fe3+ sites exposed on regular terraces with the 
phenyl ring oriented paral lel to the surface. At catalytical l y  active surface defects like steps, 
the upward titled ethyl group meets a favorable geometry for coupl ing to Brtinsted basic 
oxygen sites that deprotonate two C-H groups, simultaneously two electrons are transferred to 
the catalyst via the n-el ectron system of the phenyl ring. 
1 .4.7 Arsenic adsorption onto i ron oxides 
Arsenic is a toxic trace element occurring in natural waters in a variety of forms including soluble, 
particulate, and organicbound., but mainly as inorganic trivalent As(III) and pentavalent AsM 
oxidation states. In many parts of the world, groundwater is polluted with arsenic. This pollution can 
be caused by human activities (mining, pesticides etc. ) but usual ly, the main source of arsenic is 
geogenic ( 1 60). Epidemiological studies have demonstrated a significant increase in the risks of 
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lung skin, bladder, liver and other cancers associated with high levels of arsenic in drinking water. 
It has also been shown that arsenic interferes with some hormones by altering downstream receptor 
function ( 1 6 1  1 62). Consequently, in the case of arsenic, the European standard level in drinking 
water has been lowered to 1 0  Ilg/L (Directive 98/83/CE) and similar reductions in arsenic levels 
have been adopted elsewhere, including the United States ( 1 60). To remove arsenic from 
groundwater classical methods such as adsorption by activated carbon ( 1 63), membrane processes 
( 1 64), or ion exchange ( 1 65, 1 66) can be used. However, the most common arsenic removal 
method is coupled coagulation and softening ( 1 67), removing arsenic through processes of 
chemisorption and particulate removal . The prior oxidation of the trivalent form of arsenic into 
the less toxic pentavalent form is an important stage in the treatment since arsenate (AsO !- , 
As(V)) is removed more effectively than arsenite (AsO �- , As(I I I)) ( 1 68- 1 70). But, this method is 
too costly in terms of investment and running costs to be applied in plants of low flows « 1 0 m3/h) 
in sparsely inhabited zones (e.g., the center of France or some areas around the world where major 
environmental problems with arsenic have been identified ( 1 7 1 )). Therefore, it is essential that 
methods that allow those installations to supply drinkable water at low cost should be developed. 
Clays or modified c lays are used worldwide as adsorptive media for heavy metals 
( 1 72 ,  1 73) ,  bacteria ( 1 74), or organic contaminants ( 1 75) .  Experiments have shown that clay 
functional ization can be optimized by matching clay structure with a suitable reactive ( 1 76).  
Arsenic adsorption was carried out on simple materials such as goethite and amorphous 
iron hydroxide, and more complex matrices such as c lay pillared with titanium(IV), iron(III) , and 
aluminum(III) ( 1 77). These matrices were synthesized from a bentonite whose montrnori llonitic 
fraction was pillared according to optimized parameters. These sorbents were characterized by 
various methods: XRD, FTIR, BET, DT AlTGA, surface acidity and zetametry. Elimination of 
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arsenite and arsenate as a function of pH was studied. Arsenate elimination was favored at acidic 
pH, \ hereas optimal arsenite el imination was obtained at 4<pH <9 ( 1 77). For pH values above 
1 0, the pil lared clays were damaged and elimination decreased. Equil ibriwn time and adsorption 
isothenns \ ere also determined for arsenite and arsenate at each matrix autoequil ibriwn pH. 
Amorphous iron hydroxide had the highest adsorption capacities both towards arsenate and 
arsenite ( 1 77). Adsorption capacities of goethite and iron- and titaniwn-pillared clays toward 
arsenate were similar but those toward arsenite were different. Desorption experiments from the 
arious matrices were carried out. lron- and titaniwn-pillared clays showed a desorption capacity 
above 95% and around 40% respectively, but no desorption rate could be obtained for iron 
(hydr)oxides as they were damaged during the process ( 1 77). 
1 .5 Sup port effects on iron oxide catalyst 
1 .5 . 1  Catalyt ic reduction of S02 over supported trans i tion-metal oxide catalysts 
Since the 1 930s, various commercial fl ue gas desulfurization (FGD) processes, including 
throwaway, adsorption, absorption, and catalytic reduction, have been developed. These 
technologies have recently attracted i ncreasing attention as the regulations for the emission of SOT 
have become more stringent, and can now deliver desulfurization rates above 90% ( 1 78- 1 80). 
Among the FGD processes, the throwaway method has the drawback of requiring subsequent 
waste disposal ( 1 8 1 - 1 84). Meanwhile, with both adsorption and absorption it is necessary to 
devise a process to treat S02 released from the sorption process. This leaves catalytic reduction, in 
which S02 is reduced to elemental sulfur, as the method of choice. This method has the 
advantages of feasible recovery of sulfur and no waste disposal problem. Reducing agents for the 
catalytic reduction of S02 include carbonaceous material, C�, CO and H2. By using coke as a 
reducing agent, Lepsoe ( 1 85) obtained 80% conversion of S02 at 850 °C. Salis and Berk ( 1 86) 
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and Mulligan and Berk ( I  7) reported only slightly higher conversion rates, using C� as a 
reducing agent, over activated alumina or transition-metal sulfide catalysts, whilst Zhu et al. ( 1 80) 
obtained complete con ersion of S02 over ceria-based catalysts at 750 °C, also using C�. Other 
reports ( 1  - 1 98) indicate that when using CO as a reducing agent, lower reaction temperatures 
(320- OO°C) can be used. Another intensively investigated reducing agent, H2, has also been 
shown to effectively reduce S02 to elemental sulfur ( 1 79 1 99-206). 
The results shown in Figures 1 -25  and 1 -26 also exhibit that the Fe203/Ce02 catalyst 
possesses excel lent durabi l i ty, whi le the activity of Fe203/y-Ah03 declines appreciably with 
time. Inhibition of  Fe2031 y -Ah03 may be caused by the stronger adsorption of S02 ( 1 97). 
Time ( hr )  
Figure 1 -25:  Effect  of pretreatment on the conversion of S02 . Catalyst: Fe203/Ce02 (hollow 
symbols) or Fe203/y-Ah03 (sol id symbols). Weight of catalyst : 0.25g. Feed: 1 000 ppm S02, 
3 000 ppm CO. Reaction temperature: 300 °C. 
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Figure 1 -26 :  E ffect o f  pretreatment on the yield of elemental sulfur. Catalyst: Fe203/Ce02 
(hol low symbols) or Fe20iy-Ah03 (solid symbols) . Weight of catalyst : 0 .2Sg. Feed: 1 000 
ppm S02, 3000 ppm CO. Reaction temperature: 300 Dc. 
The fol lowing conclusions were inferred from this work: 
1 .  With y-Ah03 as the support, Fe203/ y-Ah03 is the most active catalyst of those tested 
for the reduction of S02 ( 1 97).  
2 .  Presul fidization of the catalyst i s  necessary. For the catalytic reduction of S02, if  the 
catalyst is pretreated with CO + S02 a higher stabi l i ty is obtained and higher activity 
than those catalysts pretreated with CO, H2 or He  ( 1 97) .  
3 .  CO can adsorb onto and reduce the Fe203/Ce02 catalyst most effectively, whi le the 
adsorption of S02 somewhat causes the inhibition of Fe203/y-Ab03 . This explains 
1 .5.2 Chlorocarbon destruct ion by supported i ron oxide catalyst 
Although the reactions of chlorocarbons with metal oxides to yield carbon oxides and metal 
chlorides are often thermodynamically favorable (207), liquid-solid or gas-solid reactions are 
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involved, and usual ly stoichiometric reactions are only observed on the surface of the metal 
oxide. Kinetic parameters involving ion (Crl02") migration inhibit complete reaction . 
Therefore, the use of ul trahigh surface area metal oxides al lows reasonably high capacities for 
such chlorocarbon or chlorofluorocarbon destructive adsorption processes (207-209). 
2 MgO + CCl4 ----+ 2 MgCh + C02 M-lrxn = -334 kJ 
M-lrxn = -485 kJ 
However, when nanoscale particles of MgO or CaO are used, the path length for migration of ions 
from bulk to surface is small . Indeed, Klabunde et al (2 1 0) found that nanoparticles of MgO could be 
partially or almost fully oxygen- 1 8  exchanged with H21 80 depending on the reaction temperature (in 
the range of 300-700 DC) (2 1 1 ). Since the amount of iron present was very small, iron was found to 
play a catalytic role, which could be attributed to Cr/02- exchange catalysis (2 1 2,2 1 3). When CC4 
attacks the surface of Fe203, dissociative adsorption occurs, probably with the intermediacy of 
chernisorbed CCh. At this point, COCh may form as an intermediate that goes on to react in a similar 
mode to produce C02 and more FeClx (2 1 0). The FeClx formed quickly exchanges cr with 02- in 
such a way that cr is driven into the bulk of the small particle, whereas 02- comes to the surface: 
;1 \ 
° Fe ° Fe 2 Cl ° Fe ° Fe ° Fe ° Fe .. .. 
MgO MgO 
2- MgO MgO MgCl  MgO - 0 
Cl 
[Fe203 ](MgO)3 [Fe202CI2](MgO)3 
[Fe203] (MgO)2(MgCI2) 
In the presence ofF�03 the mechanism of this chlorocarbon decomposition process change (2 1 4-2 1 8). 
1.6 Methods of preparation of nanoscale iron oxides and supported iron oxide 
anoscale partic les have received considerable attention in view of the potential for new 
materials and unique properties. The novel properties and the numerous applications of 
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nanophase materials, especially ceramic powders, have encouraged many researchers to invent 
and explore the methods, both chemical and physical by which such materials can be prepared. 
1 .6. 1 Physical! Aerosol methods 
Several physical aerosol methods ha e been reported for the synthesis of nanosize particles of ceramic 
materials. TIlese include gas condensation techniques (2 1 9-226), spray pyrolysis (327-334), thermal 
decomposition of metal-organic precursors in flame reactors (280-283) and other aerosol processes. 
1 .6.2 Chemical methods 
1 .6.2. 1 Sol-gel meth od 
The role of  sol-gel processing, as wel l  as the role of  chemistry in  general,  in materials 
fabrication has been growing rapidly. The development of sol-gel processing of materials, and 
especial ly of ceramics has been described in  several books and reviews (239-253) .  
1 .6.2. 1 . 1  Study of nanopartic Je support i n teractions in  a Fe203-Si02 nanocomposi te 
prepared by a sol-gel method 
The synthesis of nanocomposites has gained acceptance in  several fields of application of 
nanomaterials (254-258) .  The main reason is  that the preparation of nanocomposites 
represents an effective solution to the tendency of nanopowders to aggregate(259) .  Additional 
advantages come from the matrix support, which caD, in principle, modify the properties of the 
nanomaterial, thus opening new possibil ities to the control of its perfonnance. 
1 .6.2.2 Hydrothermal treatment 
1 .6.2 .2. 1 Preparation of  hematite nanocrystals 
Hematite nanocrystals modified with surface layers of amorphous hydrous iron oxides have 
been prepared by hydrothermal conditions in the absence of alkal i .  The fonnation temperature 
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was found to be CQ. 130 °C. When the temperature was lower than 130 °C, no product was 
formed while abo e this temperature, the amount of amorphous hydrous iron oxides at the 
surfaces of hematite nanocrystals was drast ical ly decreased. The amorphous layers on the 
hematite nanocrystals obtained at 130 °C were determined to be Fe20).1.64H20. The 
coerc ivity for the hematite nancrystals with modified layers was 0.534 kOe, which is s l ightly 
larger than the values for hematite nanocrysta] s with few agglomerations (260). 
1 .6.2.3 Impregnat ion and drying 
The impregnation method is used to prepare catalysts ultrafine particles are deposited on high 
surface area supports. A solution containing the catalyst component (single or plural) is 
impregnated into the pore of the support and adhered by the subsequent drying and calcinations. 
The metal compounds are held by adsorption of metal cations on the basic site on the support (02-
or basic OR) or by ion exchange between metal cations and W of acidic OR groups. Usually the 
former is called an impregnation method and the latter is called the ion exchange method (261). 
1 .6.2.3 . 1  Synthesis of supported catalysts by impregnation and drying using aqueous 
chela ted metal complexes. 
Supported metal and metal oxide catalysts comprise the most important class of heterogeneous 
catalysts in industry. Therefore, the synthesis of supported catalysts is of utmost scientific and 
industrial importance. Several reviews on the synthetic methods to prepare supported catalysts have 
been reported in the l iterature by Anderson (262), Geus and Van Veen (263), Che (264), and De 
Jong (265). The methods applied widely involve ion exchange (262), homogeneous deposition 
precipitation (266, 267), redox chemistry (265) and chemical vapor deposition (265). By far the 
most commonly used synthetic route involves impregnation of porous support bodies with a solution 
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of the metal (oxide) preclUSor followed by evaporation of the solvent. The most attractive feature of 
this route is its simplicity in the practical execution on both laboratory and industrial scales. The 
method is often referred to as impregnation and drying. Although the practical execution is 
seemingly simple the fundamental phenomena underlying impregnation and drying are extremely 
complex. More often than not the interaction between the metal preclUSor and the support is limited, 
thereby allowing redistribution of the active phase over the support body during drying. Since 
evaporation of the solvent takes place at the exterior of the support particles, capillary flow of 
solution to its exterior surface may take place, thereby causing production of so-called eggshell 
catalysts, often with a poor dispersion of the active phase (268). The pioneering work of Kotter and 
Riekert (269) has shown that an increase in the viscosity of the impregnation solution suppresses the 
outward flow of the solution and leads to a more uniform activity profile over the supported bodies. 
Alternative approaches involve very high or very low drying rates (263), but results are of moderate 
quality only. Quite tmnoticed by the academic catalysis community, an alternative approach to 
impregnation and drying has been utilized in industrial practice as well as by a few academic groups. 
The essence of this approach is to use aqueous solutions of multi dentate chelated metal complexes. 
1 .6.2.4 Liquid phase deposit ion 
Liquid-phase deposition (LPD) (270,27 1 )  has been developed for the preparation of metal 
oxide thin films. In this process, i t  is  possible to form thin film metal oxides or hydroxides 
directly on the substrate which is immersed in the treatment solution for deposi tion (272) . 
1.7 Aims and objectives 
As stated already in this chapter, chapter 1 (literature review), the use of inorganic solids as 
heterogeneous catalysts has attracted much attention in recent years in the literature and 
heterogeneous catalysts themselves are used extensively in industrial applications. Recent studies 
5 1  
have shown that one group of inorganic solids, are the metal oxides, wruch exhibit remarkable 
catalytic properties, in particular in their role as adsorbents. Infonnation on the structure of a 
heterogeneous catalyst can sometimes be determined by spectroscopy and related stuilies of reactive 
molecules adsorbed on single crystal surfaces. However, these stuilies are generally carried out in 
ultra-high vacuum conilitions, wruch are very clifferent from those used in practice. In general ,  
practical heterogeneous catalysts are high swface area materials that may contain several clifferent 
phases and wruch operate at 1 atrn pressure and higher pressures. The focus in this project is to 
investigate the ilifferent forms of iron oxide in such structures and to examine the relationship 
between the structure and the reactivity using newly constructed experiments in an effort to ascertain 
the catalytic behaviour. The aims and objectives of this thesis therefore are as follows: 
1 .  To prepare a series of iron oxides of high surface area for use in environmental 
catalyis using chemical methods. 
2 .  To characterize th e  iron oxides using FIll<., XRD etc. 
3 .  To examine the role o f  the iron oxides as adsorbents as environmental catalysts for 
the decomposition of a selected environmentally important molecule such as CC4 
using a series of new experiments with varying parameters. 
4. To compare the empirical results with recent structural models reported in the 
literature, to examine the structure-catalytic behaviour relationship of such iron 
oxides. 
TIUs work should contribute further to the understanding of the structure-catalytic behaviour 
relationship of iron oxides in environmental catalysis from an empirical perspective and in 
addition the use of the newly synthesized and characterized oxides as potential adsorbents in 
their practical use as filters in environmental applications. 
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HAPTER 2 :  SYNTHESIS AND CHARACTERIZATION OF THE 
ADSORBENTS/CAT AL YSTS. 
2 . 1  Introduction 
Inorganic materials inclucting noble metals, metal oxides meta] carbides, metal nitrides, 
and elemental carbon have been of great importance in today's chemical research. This 
importance stems from the variety of unique properties such materials exhibit, including 
chemical, physical, mechanical, and magnetic properties, which make them very useful in a wide 
range of ad anced application. 
Metal oxides have been of special importance due the important fields of advanced 
applications they have been employed in, inducting catalysis, magnetic recorcting, and advanced 
materials such as ceramics. It has been wel l  proven that the bulk behavior of materials can be 
dramatically altered when constituted of nanoscale builcting blocks especially in chemical 
applications such as catalysis. When prepared from nanometer-sized particles, large portion of 
their atoms reside on the surface increasing the reactive sites where reactions can take place on 
the surface and as a result metal oxides have shown significantly better performance in several 
applications when fabricated from Nanometer-sized particles. 
The synthesis of nanoscale particles has received considerable attention in the l iterature 
in view of the potential to prepare further new materials and their related unique properties (273). 
The novel properties, especially significantly reactive surfaces, and the numerous applications of 
such nanophase materials has led to a profusion of research in this field, involving new methods 
of synthesis and the modification of existing methods. 
In the first phase of this project, the synthesized pure iron oxides were prepared by a 
precipitation method (discussed below), whi le the mixed oxides were prepared by the sol-gel 
method. This latter process typically involves the hydrolysis of reactive metal precursors (usually 
alkoxides in an alcoholic solution) resulting in the corresponcting hydroxide. Condensation of the 
hydroxide molecules by elimination of water leads to the formation of a network structure leacling 
to gelation and resulting in the formation of a dense porous gel . The formed gel is a polymer of a 
three-dimensional skeleton surrouncling interconnected pores (Figure 2- 1 ) . Subsequent removal 
of the sol ents and appropriate drying of the gel results in an ultrafine powder of the metal 
hydroxide. Further heat treatment of the hydroxide leads to the corresponding ultrafine powder of 
the metal oxides (273). 
In contrast, the supported oxides were prepared by the wet impregnation method. The 
impregnation method is used to prepare catalysts of ultrafine partic les that are deposited on high 
surface area supports. A solution containing the catalyst precursor is in1pregnated into the pores 
of the support and adhered by the subsequent drying and calcinations. The metal compounds are 
held by adsorption of the metal cations on the basic site on the supports (02- or OK) or by ion 
exchange between the metal cations and rt of the acidic groups. Usually the former is called the 
impregnation method and the latter is called the ion-exchange method (26 1 ). 
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Nanocrystal l ine Oxide 
Figu re 2- 1 :  A flow chart of a typical sol -gel process for the preparation of nanoscale metal 
oxide powders. 
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2.2 Experimental section 
2 .2 . 1  M aterials 
H druted iron ( Il l )  ni trate (Fe 03)J .9H20), hydrated iron(ll) sulfate (FeS04.7H20), potassium 
hydroxide (KOH) , sodium hydrogen carbonate (NaHC03) and potassium nitrate (KN03) were 
obtained from Merck. These chemicals were used to prepare the pure iron oxides. 
Aluminum tri - isopropoxide (AI(OCH(CH3)2h 99.99%), tetraethyl orthosi l icate 
( i(OCHzCHJ).t, 99%), titanium n-butoxide (Ti(O(CHz)JCH3)4, 97%), and iron(III) 
acetylacetonate (Fe(H3COCHCOCH3)J, 97%) were obtained from Aldrich. 2-propanol 
(CH3)2CHOH (of high purity for HPLC purposes) was obtained from J .T .  Baker. Ethanol 
(CH3CH20H) and I -butanol (CH3(CHz)30H) were obtained from BDH.  Potassium 
bromide (KBr, 99%) was obtained from Aldrich for use in recording FT-IR measurements 
using the KBr pel let technique. Titanium(IV) oxide (Ti02), activated carbon and carbon 
tetrach loride (CC�) were obtained from Aldrich for the catalytic reactions. Aluminum(III) 
oxide (Ah03) was obtained from Sasol North America Inc. 
2 .2 .2  I nstruments, techn iques and  methods of syn thes i s  
2 .2 .2 . 1 IR measu rements 
All samples were i nvestigated by FTIR spectroscopy on a Nicolet FT-IR Magna-IR 560 
spectrophotometer (E .S .P) with a flexible configuration enabl ing a high degree of accuracy 
and sensit ivity over a variety of wavelength ranges.  The spectrometer has more than four 
external beams and can accommodate more than six attachments as detectors, including a 
microscope and TGA. The system is  ful ly computerized using state-of-the-art software 
(Omnic,  v .5 .0), with a user-friendly graphical interface and includes comprehensive 
spectra l  l ibraries. In each experiment, the catalyst was first mixed with KBr (2% sample by 
wt). The samples were pressed into a disc and loaded into an IR cel l .  The spectra were 
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recorded at room temperature by accumulating 32 scans at a spectral resolution 4 cm- I , 
using the empty cel l as background over a range of 500 to 4000 cm-I . 
2 .2 .2 .2  RD  pectra 
A PhIl ips X-ray di ffractometer, model PW/ 1  40, with i fi l ter, Cu-Ka radiation (J... = 1 . 542 
A) at 40 k 30 m and scan speed 0.02° S- I was used for running powder X-ray diffraction 
measurements on all samples. Th di ffraction peaks between 28 = 2° and 60° were 
recorded. The corresponding spacing, d ( ) and the relative intensit ies (I1f"l) were 
calculated and compared with the JCPDS-ICDD card values. 
2.2 .2 .3 u rface a rea measu rements 
BET S measurements were determined using N2 adsorption at 77 K (- 1 96 °C) on a 
Quantachrome NOVA- l OOO volumetric gas sorption instrument. A l l  samples were 
degassed at 1 20 °C prior to analysis. The spec ific surface area was determined from the 
l inear portion of the BET p lot (PIPo = 0.05-0.30). 
2 .2 .3 Preparation of pu re, mixed and supported iron oxides 
2 .2 .3 . 1 Preparat ion of p u re i ron oxides 
2 .2 .3 . 1 . 1  Hemat i te, a-Fe203 
Hematite was prepared by transformation of ferrihydrite (FesHOs.4H20). In the 
preparation of hematite, the first step involves the precipitation of ferrihydrite which is then 
converted into hematite in aqueous suspension by rearrangement and dehydration within 
the ferrihydrite aggregates. This transformation takes place under weakly acidic to weakly 
alkaline condi tions (2). 
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In a typical e p riment, 40 g ( 1 .0 1 0  I mol) Fe(N03h9H20 was di ssolved in 
500 mL t\ ice di t i l led "\ ater preheated to 90 °C and the precipitation of the ferrihydrite 
occurred \\ ith the add it ion of 300 mL 1 M KOH preheated to 90 °C .  50 mL of 1 M 
aHC03 wa then added (preheated to 90 °C) to the brown, voluminous precipitate and the 
resultant u pen ion (pH = - 9) was h ld in a c losed flask at room temperature for 48 
hour . The product \ as then filtered through fi l ter paper and subsequent ly washed with 
twice disti l l ed "\ ater. 
2.2 .3. 1 .2 M agnetite Fe304 
The method employed here is based on the oxidative hydrolysis of FeS04 solution in an 
alkaline medium (274). In  a typical experiment, 80 g ( 5 . 3  X 1 0- 1 mol) FeS04.7H20 was 
dissolved in 560 mL deionized water previously flushed with Argon. The glass reaction 
vessel ( l  L) was c losed with an air tight p lastic lid which had several perforated holes 
(acting as insertion in lets) and a thermometer (Figure 2-2).  The reaction vessel was placed 
in a water bath at 90 °C .  The thermometer was inserted to monitor the temperature and the 
entire system was purged with Argon. Once the reaction temperature reached 90 °C, 240 
mL of an oxygen-free solution containing 6.46 g ( 6 .00 x l  0-2 mol) KNO) and 44.9 g 
( 8 .00 x l  0- 1 mol) KOH was added dropwise within approximately 5 minutes. After 
addition of this solution,  the reactor was heated for another 30-60 min, cooled overnight 
and the b lack resul tant precipitate was fi ltered and washed with twice disti l l ed water. 
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Figure 2-2 Experimental setup for the synthesis of magnetite: 1 Drop funnel, 2 
thernlOmeter, 3 water bath at 90 °C, 4 magnet, 5 heater and magnetic stirrer, 6 support for 
the reaction vessel 7 external beaker used as a water bath, 8 reaction vessel ,  9 p lastic l id 
with in let holes 1 0  purge gas inlet (Argon). 
2.2 .3 . 1 .3 Maghemite, y-Fe203 
Maghemite having the composition of hematite and the structure of magneti te, can be 
considered as completely oxidized magnetite. Maghemite was prepared by the synthesis of  
magnetite in  a crucible p laced in a furnace for 2 hours a t  250 °C. 
The mixed oxides were prepared by a one step sol-gel method. In each case, 1 0 9 (5 .0 x 
1 0-2) of  aluminum tri - isopropoxide (or tetraethyl orthosi l icate, or t i tanium butoxide) was 
first dissolved in 500 mL isopropanol (or the corresponding alcohol ,  ethanol in the case of 
s i l icon ethoxide or l -butanol in the case of titanium butoxide) and stirred thoroughly to 
ensure complete dissolution of the aluminum tri-isopropoxide. An equivalent 3 . 5  mL of 
water was then added drop wise into the solution with sti rring. At the same time, 0 .69 g 
( 1 .95 X 1 0 -3 mol) of  iron(III) acetylacetonate dissolved in  400 mL isopropanol was added 
dropwise to the mixture and stirred for 7 hours in order for hydrolysis and complete 
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gelation of  the reactant mixture to occur. The gel was then aged for 3 days at room 
temperature. The resultant product was then calcined at 500 °C for 6 hours in a furnace. 
The amount of Fe203 in the mi ed ox ides was control led to be 4% by weight (wt). 
2 .2 .3 .3 Preparat ion of supported i ron ox ides (FeZ03/Ah03, FeZ03/TiOz and  FeZ03/C) 
11 supported i ron oxides samples were prepared by using the wet impregnation method. 
Iron(I I I )  n itrate (Fe(N03)J .9H20) was impregnated onto various supports (Ah03, Si02,  
Ti02 and activated carbon). For example, in the preparation of  Fe203/AhOJ, 1 .07 g 
( 2 .65 x l  0 -3 mol) Fe(N03)3 .9H20 was d issolved in 5 . 6  mL of  twice disti l led water which 
was calculated from the total pore volume of the Ah03 sample used. The solution was then 
added to 5 g (5 X 1 0'2 mol) of Ah03 with a speci fic SA of 1 28 m2/g and total pore volume 
of l . 1 2  mUg. The impregnated catalyst precursor was then aged for 0.5 hours, dried in air 
at 1 25 °C for 2 hours and calcined in a furnace at 500 °c for a further 6 hours. The metal 
loading was fixed at -+ wt % for all supported iron oxides. 
2.3 Res u lts  and characterization 
2 .3 . 1 Pu re i ron  oxides 
Pure samples o f  hematite, magnetite and maghemite were obtained. The method that was 
used to prepare hematite (which had a characteristic dark red colour) gave 7 .92 g of product 
with a spec ific  SA of 5 1 . 8 m
2/g (2) .  The sample of prepared magnetite was b lack in color 
with a corresponding specific SA of 1 7 . 7  m2/g. In the preparation of maghemite (obtained 
by heat ing the magneti te) the temperature was found to be crit ical since at a higher 
temperature maghemite can be converted to hematite. The prepared maghemite in this  
experiment was found to have the same surface area as  the precursor (2) ,  i. e. 1 9 .9 m
2/g. 
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The heating temperature in the preparation of maghemite I S  critical because higher 
temperatures cause the maghemite to transform to hematite. 
2.3. 1 . 1  FT-I R pectra 
Table 2- 1 shows the FT-IR absorpt ion frequenc ies of the three types of pure iron oxides 
prepared in these experiments. A l l  three spectra represented in Figure 2-3 have some 
common structural features . A l l  oxides show a broad band in the range 34 1 7-3422 cm-I , 
which can be assigned to the asymmetric and symmetric stretching modes of  adsorbed 
water (275) .  The strong intensity of  the bands indicates that a high amount of  water is  
retained in  the dried oxides. The peaks in the range 1 624- 1 63 8  cm- I are associated with the 
HOB bending mode of water. There is also a common band in all three spectra at 1 049 cm-
1 which is can be assigned to 6 Fe-OH. 
Hematite shows two well-resolved bands at  547 and 463 cm- I , which can be 
assigned to the Fe-O vI and v3 modes respectively (276). In compari son, magnetite shows 
a strong absorption peak at 569 cm-I whereas maghemite shows some absorption peaks at 
694, 637 ,  557 and 479 cm-I which are typical for maghemite. Final ly, there is common 
band at 1 380 cm- I which is indication to Fe-OH bending mode (275) .  
Table 2- 1 :  IR frequencies (cm- I ) of  pure iron oxides. 
Hematite Magnetite Maghemite 
34 1 7  34 1 9  3422 
1 632 1 624 1 63 8  
- 877 877 
547 and 463 569 694, 63 7, 557  and 479 
6 1  
o 
o 
o 
3500 3000 
Hematite 
Maghemite 
Magnetite 
2500 2000 
Wavenumber (em!) 
1 500 1 000 
Figu re 2-3 : FT-IR spectra for hematite, maghemite and magnetite. 
2.3. 1 . 2 X RD Measurements 
t 
547 
500 
463 
The d iffraction patterns obtained for all three i ron oxides matched well with the theoretical 
data of the JCPDS-ICDD card (Table 2-2), with the best correlation seen for hematite and 
maghemite. 
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Table 2-2 : XRD l ines (d-value and intensity of peaks) obtained for maghemite powder 
compared to the referenced JCPDS-ICDD card values. 
H emat i te (a-Fe203) l\1agbemite (y-FeZ03) M agnetite (Fe304) 
rren t Work Card(a) Cu rren t Work Card(b) Cu rrent  work Card(c) 
( 1 00) 2 . 70 ( 1 00) 2 .50 ( 1 00) 2 . 5 1 ( 1 00) 2 .52  ( 1 00 )  2 . 53  ( 1 00) 
� (85)  2 .52 (70) 1 . 60 (46.4) 1 .47 (40) 1 .6 1  (49) 1 .62 (30) 
P (59) 1 .69 (45) 2 .93 (26. 1 )  2 .95  (30) 2 .09 (32)  2 . 1 0  (20) 
D (76) 1 . 84 (40) 1 . 70 (25 .6) 1 . 60 (20) 2 .95  (30) 2 .97 (30) 
� (35 )  3 .68  (30) 2 .08 ( 1 2 .8 )  2 .09  ( 1 5 ) 1 . 7 1  ( 1 3) 1 .48 (40) 
(a) JCPDS-ICDD card 33-664 
(b) JCPDS-ICDD card 25- 1 402 
(c) JCPDS-ICDD card 1 9-629 
2 .3 . 1 .3 Surface A rea l\Jeasurements. 
The pure i ron oxides have shown relatively low specific surface area as shown in Table 2-3 .  
Table 2-3 : Spec ific surface area of  hematite, maghemite and magnetite. 
Sample Surface area  (ml) 
Hematite 1 8 . 8  
M aghemite 1 4 .0  
M agnetite 1 2 .6  
2.3 .2  Mixed oxides 
Specific Surface area 
(m2/g) 
Cu rrent Work 
5 l . 8 
1 9 .9  
1 7. 7  
Specific Surface Area 
(m2/g) 
Li terature Values(a) 
20-25 
20 
4 
The three types of  mixed oxide synthesized by the sol-gel method were also characterized 
by FT-IR spectroscopy, powder X-ray d iffraction and BET SA measurements. 
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2 .3.2 . 1  Ff- I R pectra 
All  the mi ed oxides showed a broad band in the range 343 1 -3446 cm- I (Figure 2-4) which 
again can be as igned to the asymmetric and symmetric stretching modes of adsorbed water 
(275) .  The broadness of the bands also i l lustrate that a high amount of water is retained in 
the dried ox ides. The OH bending mode of water is  also evident in all three spectra in the 
range 1 633 - 1 63 5  em- I . The low intensity peaks observed at 2976 and 2925 cm- I in the IR 
spectra of mixed iron oxide with alumina and si l ica represent v C-H which is  indicative of 
the presence of some organic  residues that remain adsorbed on the surface after the 
calcination process. These peaks are not observed in the IR spectrum of Fe203-Ti02 . The 
main absorption frequencies are shown in Table 2-4. 
Table 2-4 : FTIR frequencies incm- I of the mixed iron oxides. 
Fe203-Ah03 FeZ03-S i02 Fez03-TiOz 
3446 343 1 344 1 
2976 2975 -
2926 2925 -
1 63 5  1 63 3  1 63 3  
- 1 089 and 1 05 1  -
750 769 -
6 1 7  - -
- - 498 
- 46 1 -
In the IR spectrum of  Fe203-Ab03, two very strong overlapping broad bands are evident at 
750 and 6 1 7  cm· 1 inferring the presence of an aluminum-oxygen bond. In comparison, the 
IR spectrum of Fe203-Si02 shows two bands of medium intensity at 1 089 and 1 05 1  cm-
I 
which represent the asymmetric S i-O-Si stretch. The corresponding Si-O-S i  symmetric 
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stretch is observed at 769 cm- 1 as a low intensity peak:, whereas the band at 46 1 cm- 1 can be 
a signed to 8 (Si -O-Si) ,  the deformation mode of the si l ica network. The IR spectrum of 
Fe20J-Ti02 shows only one add itional (other than Vsym and Vasym H20) broad highly intense 
band centered at 498 cm-I . 
1 00 
80 
Fe203-Si02 
750 � 
60 
Fe203-Ti02 I t 40 1 089- 1 05 1 46 1 
20 
o 
498 
3500 3000 2500 2000 1 500 1000 500 
Wavenumber (em- I ) 
Figu re 2-4 : FT-IR spectra of three types of  mixed oxides. 
2.3.2.2  X RD measu rements 
To detect any chemical or structural changes in the structures under investigation, some 
selected samples were matched with the relevant the d-p lane spacing. The XRD l ines of 
the mixed oxides are represented in Table 2-5 . The powder XRD profi les for Fe203-S i02 
and Fe203-AhO) samples showed no diffractions patterns suggesting that these samples are 
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amorphous powders. The XRD profile  for Fe203-Ti02 showed d-values at 3 . 50, 1 . 88,  1 .66, 
1 . 70 and 2 .37  respecti ely as shown in table 2-5 .  
Table 2-5 : XRD l ines of  all mixed oxides. 
M ixed I ron Oxides 
Cu rren t \Vork 
Fe203-SiOz : o peaks appeared 
FeZ03-Ah03 : No peaks appeared 
Fez03-Ti02 
3 . 50 ( 1 00) 
1 . 88 (37)  
1 .66 (28) 
1 . 70 (27) 
2 . 37  (25) 
la) - -JCPDS ICDD card 8 1 1 7 
2.3.2.3 Su rface area measu rements 
I ron Oxide M ixed With 
Ti02 :  lay 
2.07 ( 1 00) 
3 . 32 (80) 
1 . 70 (30) 
1 .66 (30) 
1 . 88 ( 1 0) 
The BET surface areas of the Fe203-containing mixed oxides are summarized i n  Table 2-6. 
From the data, i t  can be clearly seen that significantly high surface areas were obtained for 
Table 2-6: The BET surface area of three types of  m ixed iron oxides. 
Sample Specific Surface Area (mz/g) 
Curren t  Work L i terat u re Values(a) 
Fe203-AIz03 396 245 
Fe203-Si02 3 76 29 
Fe203-Ti02 20 1 04 (a,b) 
(a) 262 
(b) Calcinide at 500 °C for 6 hr in flowing O2. 
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Clearly the sol-gel method resulted in  materials of  very high surface area. These methods 
resu lts in materials of high surface area. The precursor used appeared to give strong 
support result ing in high surface area materials. 
peci fically the surface area of Fe203-A1203 obtained from aluminum tri ­
isopropox ide was always higher than that obtained from the sec-butox ide. In part, thi s 
could be attributed to the solvent used in  each case. Sec-butyl alcohol has a critical 
temperature of 263 °C as compared to that of 235 °c for 2-propanol .  S ince i n  both cases 
the temperature of drying the gel was 250 °C, more complete removal of the solvent in the 
case of isopropoxide is expected (277) .  
2.3.3 Supported iron oxides 
Three types of supported i ron oxide were synthesized by the wet impregnation method .  
These are Fe203/Ah03, Fe203/Ti02 and Fe203/C. They were characterized by FT-IR, XRD 
and SA measurements. 
2.3.3. 1 Ff-IR spectra 
All oxides showed the characteristic broad band centered with in the range 343 1 -3477 cm' l , 
which, as mentioned previously can be assigned to the asymmetric and symmetric 
stretching modes of adsorbed water (275),  Figure 2-5 . The relative intensity of  the bands 
indicates that h igh water content is retained in the dried oxides. The peak at 1 630  cm'! seen 
in all three spectra represents the OH bending mode of water. The very weak intensity peak 
at 2924 cm'l in a l l  three supported i ron oxides spectra is assigned to v C-H which indicates 
the presence of some organic  residues adsorbed on the surface of the samples. The IR 
spectra and characteri stic absorption frequencies for all three samples are summarized in  
Table 2-7 .  
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Table 2-7:  IR frequencies (crn- ' ) of  the supported iron oxides. 
Fe203/Ah03 Fe203ITi02 Fe203/C 
3477 3432 .6  3446 . 3  
2924 2924 2924. 8 1  
1 63 1 .  1 630 .3  1 630 .3  
- - 1 095 .4  
749. 1 1  - -
603 .4 - -
- 522 .8  469.2 
In Fe203/AhOJ, the two very strong bands at 749. 1 1  and 603 .4 cm- ] are attributed to the 
aluminum-oxygen bond. In the spectrum of Fe203/Ti02 ,  one very intense broad band at 
52_ . 8  cm- ' i s  observed which can be attributed to the asymmetric stretching band of the Ti­
o bond. The IR spectrum of  the Fe203/C has sharp peaks at 1 095 and 469.2 crn- ] . 
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Figu re 2-5:  FT-IR spectra of the three types of supported i ron oxides_ 
2.3.3 .2  X RD measu rements 
I 
523 
500 
To detect any chemical or structural changes in  the materials under i nvestigation, some 
selected samples were studied by powder XRD and matched with the relevant the d-plane 
spac ing_ The XRD l ines of the mixed oxides are tabulated in  Table 2-8 _  
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Table 2- 8 :  XRD l i nes of al l  supported iron oxides. 
Su pported I ron Oxides Su pport 
Curren t  Work 
Fe20J/AhOJ: AhOJ: (a) 
l .9 ( 1 00) 1 . 39  ( 1 00) 
2 . .... 9 (30) 2 . 57  (80) 
2 . 1 1  (80) 
1 .43 (80) 
2 . 79 (60) 
l . 87 (60) 
1 .64 (60) 
Fe20J/Ti02 :  Ti02:  (b) 
3 . 5 1 ( 1 00) 2 .07 ( l 00) 
l . 89 (5 1 )  3 . 32  (80) 
l . 69 (50.9) l . 70 (30) 
1 .67 (35 .7)  1 . 66 (30)  
3 .24 (33 .9) l . 88 ( l 0) 
2 . 38  (28. 1 )  
Fe20J/C : C :  
3 . 3 5  ( 1 00) 
l . 82 (22. 7) 
2 . 52  (2 1 .2 )  
2 .46 ( 1 5 . 4) 
4 .28  ( 1 3 .2)  
2 . 70 ( 1 2.4) 
(a) and (b) :  JCPDS-ICDD cards 4-877 and 8- 1 1 7  respectlvely. 
70 
2.3.3.3 Su rface area ana lysis 
The surface areas of  the pure supports and the supported iron oxides are tabulated in Tables 
2-9 and 2- 1 0  respectively. Comparisons \ ith the previously publ ished values are shown in 
Table 2- 1 0 . The materials used as supports have been found to have relatively high surface 
areas . 
Table 2-9:  Specific surface areas of pure supports .  
Supports Specific Surface Area 
Cmz/g) 
AI2O) 1 28 
Ti02 50 
Charcoal 483 
Table 2- 1 0 : Spec ific  surface area of supported i ron oxides. 
Specific Surface Area Specific Surface area 
Supported I ron Cm2/g) (mz/g) 
Oxides Cu rrent  Work Literature Values (a) 
Fe203/Ah03 1 2 1  2 1 3  
Fe203ITi02 36  3 1  
Fe203/C 40 -
tal 278 
From Table 2- 1 0, i t  can be seen that a l l  three supported i ron oxides samples show relat ively 
lower surface areas as compared wi th previously reported work. This could be due to the 
fact that commercial  materials were used with an average surface area as i ncluding supports 
whi l e  previous works i nvolved materials prepared by advanced chemical methods including 
sol-gel techniques (278) .  Interestingly, as previous stated, when sol-gel techn iques were 
used to prepare the mixed oxides as d iscussed in the previous section, much higher spec ific  
surface area were obtained. 
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2.4 Conclusion 
Pure iron oxides were prepared by classical methods and gave a s l ightly low surface area. 
Mixed iron oxides were prepared by the sol -gel method and yielded high surface area 
particles. The supported iron oxides were prepared by wet impregnation methods which 
also gave moderate high surface areas. All these oxides were characterized by FT-IR, 
XRD and BET. The surface area of hematite and magnetite in  this work was greater than 
the l iterature values, but maghemite gave approximately the same surface area as that 
quoted in the l i terature. In the case of the mixed oxides, the spec ific surface area of 
Fe20)-AhO) was found to be 396 m
2/g which is very high .  The Fe203-SiOz system in  
this work yielded a very high surface area compared to  the corresponding l i terature value, 
which probably can be attributed to the sol-gel method employed in this work. The 
supported oxides gave a moderate high surface area, because the support materials used 
had a low surface area. 
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CHAPTER 3 
REACTIVITY STUDIES 
OF CC14 
DECOMPOSITION 
C HAPTER 3: REACTIV ITY STU DIES OF CCl4 DECOMPOSITION. 
3. 1 Introduction 
Chlorinated hydrocarbons are widely used chemicals in industry whose corresponding 
wastes may be c lassi fied as hazardous and tox ic .  The simplest subgroup of the chlorinated 
hydrocarbon fami ly i s  composed of  the chlorinated methanes, inc luding chloromethane 
(CH3CI) dichloromethane (CH2C1z), trichloromethane (CHCb) and carbon tetrachloride 
(CC14) (279) .  These chemicals are general ly used as industrial solvents. 
The toxicit ies of alkyl halides, e.g. carbon tetrachloride, CC14, varies to a great 
extent depending on the compound i n  quest ion. Most of these compounds cause 
depression of the central nervous system, and individual compounds exhibit spec i fic toxic 
effects (280) .  
Carbon tetrachloride was used for many years i n  the U .S .A as a consumer product. 
However, due to its toxicity, the U . S .  Food and Drug Administration (FDA) decided to 
prohibit  its household use in 1 970. It i s  a systemic poison that affects the nervous system 
when inhaled and the gastro intestinal tract, l iver and kidneys when i ngested. The 
biochemical mechanism involving carbon tetrachloride generates reactive radical species, 
including, 
C l  
I 
Cl  
I 
Cl - C · · OO- C -Cl 
t l \ / I CI  
Unpaired electron s  
Figure 3- 1 :  Reactive radical species of CCk 
which react wi th biomolecules, such as proteins and DNA. The most damaging of such 
reactions occurs in the l iver as l ipid peroxidation, which involves the attack of free radicals 
on unsaturated l ipid molecules fol lowed by oxidation of  the l ipids through a free radical 
mechan ism (280). 
As w 1 1  as minimizing the widespread use of these compounds, it is of vital 
importance environmentally to establ ish the appropriate methods for the complete safe 
destruction of such species (28 1 ) . The most common method to destroy chlorocarbons is  
by incineration (282,283) .  Other methods which are at various stages of  development 
include catalytic decomposition (284-286), reverse bum gasification (287),  plasma arc 
them1al decomposition (282) and the use of genetical ly  engineered microbes (288) .  The 
d i fficulty associated with the incineration of these compounds (289) and their related toxic 
by-products makes i t  an inefficient method for disposal purposes. On the other hand, the 
presence of such compounds in air in  low concentration makes it essential  to develop new 
technologies to decompose and remove them from the air. 
Adsorption on sol id surfaces and heterogeneous catalysis  have been amongst the 
most promising methods developed for the removal of chlorocarbons (290-295) .  There is  a 
growing i nterest in  the creation of high surface area materials (nanoscale materials), 
especial ly metal oxides, and in  their appl ications such as their use as environmental 
catalysts (296-298).  The uniqueness of these materials stems largely from two properties: 
( i )  l arge exposed surface areas for interactions and ( i i )  enhanced surface reactivities due to 
their richness i n  reactive coordinative unsaturated sites, usually edges, comers and k inks 
(299).  
The obj ective of  this chapter is  to develop a new method to decompose CCl4 at a 
lower temperature than previously found, to choose the optimum catalyst and to study the 
effects of varying the temperature on the CCl4 decomposition. Some suggested possible 
structural inferences wi l l  be explored based on the empirical results obtained via surface 
area measurements and FT-IR methods of characterization. 
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3 .2 Experi menta l methods 
3.2. 1 Materia l  and  reagen t 
Carbon tetra hlorid (99.9%+ pure) was obtained from Aldrich and used as received. 
Catalysts were prepared according to the procedures described previously in chapter 2. 
D ionized disti l led water \ as used i n  al l reactions. 
3.2 .2  Characteriza t ion of react ions products 
Gaseous products were studied by FT-IR spectroscopy using a self-constmcted IR cell 
equ ipped with KBr windows and a finger trap to condense/col lect gaseous products (Figure 
3 -2) .  Sol id samples were studied by XRD before and after each reaction . 
Finger trap 
( 
I 
.- KBr windows 
Figure 3-2 : IR cel l used for gaseous products. 
3.2 .3  Adsorpt ion and  decompos i t ion of CC4 
The adsorption and chemical degradation of CC14 was studied using a closed Schlenk tube 
reactor equipped with a vacuum l ine (Figure 3-3) .  In a typical experiment, for example 
hematite, a 5 .20  x 1 0-3 mol (0 . 827  g of hematite) sample was placed in  a Schlenk pyrex 
tube reactor and heated under dynamic vacuum ( 5 .00 x 1 0-2 torr) to the process 
temperature at a rate of z 1 0  deglmin .  This  was achieved using a cyl i ndrical heater placed 
around the reactor and monitored by a temperature control ler and a k-type thermocouple 
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placed in  c lose prox imity to the sample. The desired amounts of  CCl4 (0 . 1 0  mL, 
9 .74 x l 0-4 mol) and water (0. 1 0  mL 5 x 1 0 -3 mol) were then injected through a septum 
inlet positioned at the top of the reactor where the CCl4 evaporated immediately in the tube 
reactor due to low pressure and high temperature. In all experiments, the molar ratio 
between the catalyst and CCl4 was 1 : 5 .  The reaction was left for 2 hr where the process 
temperature stabi l ized to the order of ± 1  0c. The gaseous products were collected in a pre­
e acuated IR cel l .  The l ine between the reactor and IR cell was also pre-evacuated. In al l  
experiments the pressure i nside the IR cel l  was kept the same prior to transfer of  the 
product. The gaseous products were col lected by condensing in  the finger trap of the IR 
eel ] using a l iquid n itrogen bath. The FT-IR spectrum was then recorded for the gaseous 
products after warming the IR cell trap to room temperature. Quantitative measurements 
and comparisons were obtained by comparing the FT-IR spectrum in each experiment with 
those obtained from the background experiments that were performed under the same 
conditions without the presence of a catalyst. 
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Figure 3-3 : Closed reactor system. 
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3.3 Resu l ts 
3 .3 . 1  Reactions over d i fferen t catal  ts in the  presence of water at 400 °C 
The observed produ t from the decomposition of carbon tetrachloride (CCI4) over a series 
of  pure, supported and mixed iron oxides (see Table 3 - 1  and chapter 2 for a complete 
description) included carbon dioxide (C02) and hydrogen chloride (HCl)  as the main 
products along with small amounts of carbon monoxide (CO), phosgene (COCh) and 
tetrachloroethylene (C2Cl4) (see Figure 3-4). The colour of the solid samples upon 
completion of the reaction changed as shown in Table 3-2 .  
Table 3- 1 :  The catalysts used in  the CC14 decomposition i n  the presence of  water at  a 
temperature of 400 °C. 
Sol id cata lyst Cata lyst code Specific su rface area (ml/g) 
Hematite a-Fe203 Hem 5 1 . 8 
Fe20iAh03 Fe/AI 1 2 1 
Fe203ITi 02 Fe/Ti 3 6  
Fe203/C Fe/C 40 
Fe203-Ah03 Fe-AI 396 
Fe203-Si02 Fe-Si  3 76 
Fe203-Ti02 Fe-Ti 20 
High percentage decomposi6on/conversion of carbon tetrachloride was obtained by most 
of the samples as shown in  Table 3-2 .  The percentage conversion of CCl4 varied as 
fol lows: Fe203-Ah03 > Fe203/Ah03 > a-Fe203 > Fe203/C > Fe203-Si02 > Fe203-Ti02. 
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As shown in  Figures 3-4 and 3-5 respectively, carbon dioxide (C02) and hydrogen 
chloride (HCl)  \: ere the major products from this degradat ion process over all the sol id 
catalysts suggesting almost complete oxidation of CCL1. Carbon monox ide (CO) was 
> a-Fe203 > Fe203-Ti02 . Phosgene (COCh) was also observed and its amount varied in  
tetrachloroethylene (C2C14) were also observed in  a l l  reactions except in  the cases of 
Table 3-2 : Percent conversion of CC14 and percent weight loss during the reactions i n  the 
sol id  samples. 
Sol id catalyst % CCl4 % weight loss 
decomposition during reaction 
Hematite, a-Fe2O) 96 .32 1 8 . 72 
Fe203/AhO) 97 .55 23 .67 
Fe203/Ti02 25 .92 2 1 .87  
Fe203/C 94.54 40.95 
Fe203-Ah03 98 .27 22 .87 
Fe203-S i02 89 . 1 7  33 .48 
Fe203-Ti02 73 .95 43 . 99 
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Figure 3-4 : FT- IR  spectra of the gaseous products obtained from the decomposition of 
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Figure 3-5: FT-IR spectra of  the gaseous products obtained from the decomposition of 
As shown in  Figure 3 -6,  the best catalysts used in  th is  process were Fe20)-AhO) 
with a 98 _27% conversion, Fe20)/AhO) with a 97 _55% conversion and pure a-Fe20) with 
a 96 _32% conversion_ Besides the high percent conversions, these catalysts showed no 
trace of COCh or CO as seen in  Figure 3-5 _  
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Figure 3-6: Percent decomposition of CCL� over the d ifferent catalysts i n  the presence of 
water at 400 °C. 
To i nvestigate the effect of  water, the adsorption/decomposition of CCl4 by Fe203-
Ah03 was then studied in the absence of water at 400 °C, Figure 3-7 .  
As shown in  Figure 3-7 ,  i t  i s  c lear that the presence of  water resulted i n  almost the 
complete decomposition of CC14 to CO2 and HCI ,  while in the absence of water some 
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Figure 3-7 :  FT-IR spectra for the products of CC14 decomposition on the Fe203-Ah03 in 
(a) the presence and (b) in  the absence of water at 400 °C. 
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3.3.2 Temperatu re-dependent tudy on Fe20)/AhO) 
To Investigate the effect of the temperature, the decomposition of carbon tetrach loride by 
Fe2 l' 120l was tud ied at di fferent temperatures 400, �OO and 1 00 0  ) in the presence of 
water. 
200 
400 DC 
e�el. 
I 
1 50 eCI4 
/ HCI 
200 DC 
1 00 COel2 
eel 
o 
4000 3500 3000 2500 2000 1 500 1 000 
Wavenumber (em- I )  
Figu re 3-8:  FT-IR spectra for the products of the decomposition of CCl4 over Fe203/Ah03 
at di fferent temperatures in the presence of water. 
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As shown in Figure 3 -8  and Table 3-3,  at 1 00 °C the observed reaction was 
essent ial ly negl igible with only a smal l amount of CO2 produced and no evidence of HCI .  
The reaction initia l ized at 200 °C where, at this temperature, conversion involving 95 . 50% 
CI.j decomposition was obtained .  At this temperature, COCh formed in  considerable 
amounts, while at 400 °C no trace of COCh was found and 97 .52% CCl.j decomposition 
occurred . In addition, C2Cl4 was seen not to form at low temperatures and formed only at 
400 °C as shown by the emergence of the low-intensity peak at 9 1 6  cm- 1 in the IR 
spectrum. 
Table 3-3 : I l lustrates the products of the decomposition of  CC14 over Fe203/A1203 at 
different temperatures. 
Temp CO2 CO COCh C1Cl4 %CCI4 
°C 2345 cm- 1 2 1 43 em-I 1 8 1 6  and 850 e m- I 9 1 6  c m- I decomposition 
400 ;J X X ;J 97 .52 
200 ;J X ;J X 95 .50 
1 00 ;J X X X 4 .43 
;J = present 
X = not present 
3 .3.3 Catalytic decomposit ion of CCl4 over d i fferen t  pure iron oxides in the presence 
of water at 200 °C 
The decomposition of carbon tetrachloride was studied over di fferent i ron oxides at a 
temperature of 200 0c. As mentioned in  chapter 2 ,  magnetite (Fe304) converts to 
maghemite (y-Fe203) at 250 °C. For this reason, the reactions were carried out at a 
temperature less than 250 0c. The aim of this study was to i nvestigate the reactivity of  
85 
di fferent pure iron oxides, to compare and contrast them and to study the relationship 
between the structure and the reactivity of the sol id catalysts for the decomposition of 
CCk 
The FT-IR spectra for this study are represented in  Figure 3-9. The major product 
from these reactions was CO2. The IR spectra of the products obtained from hematite and 
maghemite were simi lar. There is  a strong and broad band for water centered at 3400 cm- I 
corresponding to the Vsym and Vasym bands. The corresponding HOH bend is  seen at ::::: 1 640 
em-I . It is c lear that 200 °C is too Iow a temperature to achieve complete conversion of the 
CC4. The percentage of CC14 decomposed over hematite and maghemite is  2 1 .34 and 
49.22% respectively (see Table  3-4) .  In the case of magnetite, in  addition to seeing 
evidence for the generat ion of CO2 and CO in the spectrum, COCh and C2C4 were also 
found to be produced as shown by the appearance of peaks at 850 and 9 1 6  cm-I 
respectively. Some HCI was also observed. The percent decomposition of  CC14 was found 
to be 3 5 . 1 4%. 
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Figure 3-9:  FT-IR spectra for the products of the decomposition o f  CC� over pure iron 
oxide in the presence of water at 200 °C. 
Table 3-4 : AdsorptioniDecomposition of CC� in the presence of water at 200 °C. 
Sol id catalyst % CCI4 decomposition % Weight  loss 
Hematite, a-Fe203 2 1 .34  7 .70 
M aghemite, 'Y-Fe203 49.22 3 . 1 0  
Magnetite, Fe304 35 . 1 4  0.45 
Fe203/Al203 95 .48 1 1 .48 
Fe203/C 78 .67 1 7 . 55  
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3.4 Discussion 
3.4. 1 Reaction over d ifferen t  samples in  the presence of water at  400 °C 
As shown in Figure 3-6, the hematite, Fe203/Ah03 and Fe203-A1z03 catalysts gave the 
best results for CCl.� decomposition at 400 °C. The Fe203/C, Fe203-Sh03 and Fe203-Ti02 
showed low reactivity and Fe203/Ti02 had no sign ificant catalytic potential in the 
decomposition of CCk 
From this study we bel ieve that iron oxides on a high surface area oxide support is 
a potential for chlorinated hydrocarbon (CRC) adsorption and decomposition. In several 
l i terature reports, (300), hematite (a-Fe203) was chosen for detai led studies of CRC 
degradation. Interestingly i n  those reported studies hematite was found to have a relatively 
higher activity than other metal oxides (300). The thermal decomposition of CCl4 over 
hematite at 400 °C resulted in the formation of FeCi), CO2,  C2Cl4 and COCh.  The 
fonnation of FeCb and CO2 represents the thennodynam ically favorable reaction: 
---i .. _ 4FeCI3(s) + 3C02(g) !ill = - 1 25 .92 kJ 
From the temperature-dependence study, it is clear that COCh fonns at 200 °C, 300 °C 
whi l e  it disappears at 400 °C. Thi s  may indicate that COCh is an intennediate product. 
'When the CCL; adsorbs on the a-Fe203 surface, it most l ikely undergoes d issociative 
chemisorption to fonn carbine, CCh, a species which then extracts an 0
2- ion leading to 
the formation of COCh as shown in Figure 3- 1 0  (300) .  The COCh intermediate can 
further react wi th the oxide surface to give CO2 and chloride ions (229).  The formation of  
C2CL; i s  a competing side reaction that occurs when two carb ine species bond to  each 
other. S ince the presence of water results in less COCh, we bel ieve that water serves as an 
oxidant, result ing in the i ncomplete oxidation to CO2 and enhances the formation of RCI  as 
a resul t  of increased surface OR species. As a result, the presence of water is bel ieved to 
result  in incomplete oxidation and regeneration of the oxide catalyst.  
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Figure 3- 1 0 :  Proposed mechanism for the decomposition of CCl4 over a-Fe203 (299) . 
In the case of  supported and mixed oxides, with the exception of Fe203/Ti02, the 
percentages of CCLt decomposition were very high (see Table 3 -2) .  In Fe203/Alz03, it 
seems that the presence of the i ron oxide dispersed on alumina catalytical ly enhanced what 
can be described as an ion-ion exchange deep into the Ah03 partic les result ing in the 
formation of AICl) .  These results have been interpreted i n  terms of a series of reaction 
steps that are all thermodynamically favored, as shown in  Figure 3 - 1 1 .  FeCl) forms first, 
fol lowed by FeCl)/Ah03 undergoing 02--cr exchange to give Fe203/AICh.  Further 
adsorption of  CC� causes FeCh to reform, and this mobi le  FeCl) seeks out more Ah03, 
perhaps at fissures or edges/comers of the Ah03 nanoparticles.  Repeti tion of these steps 
leads to complete consumption of the Ah03 to form AICl) in the absence of water, such 
that this sol id gas reaction becomes stoichiometric .  This is a true catalyt ic  effect of Fe203 
since it has been shown that even after the extensive CC� reaction, Fe203 was present, 
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having been efficiently regenerated by the remaining AhO) core. In  the absence of water, 
the cr-0
2- exchange would result in th stoichiometric formation of metal chloride. On 
the other hand, the presence of water resulted in the complete oxidation of CCl4 to CO2 and 
II I and i nhibited the formation of metal chlorides and the i ncomplete ox idation products, 
CO and CO h which in turns makes the proces catalytic and extends the reactivity of the 
cataly ts. In Fe203/C, be ides CO2 and HCl,  COCh formed in large amounts. The same 
experiment was carried out on pure charcoal (not coated with iron oxide). The same 
products \ ere observed but at lower concentration compared to Fe20)/C besides C2Cl4 that 
formed over charcoal. This d ifference indicates that the smal l amount of Fe20) (4%) 
played an important role in the conversion of CCl4 (see Figure 3 - 1 2) .  
A 
+ 
3CCI4  + 2Fe203 ------+ 4FeCb + 3C02 
M!' = -304 kJ 
2FeCl3 + AhO) ------+ Fe20) + 2AICl) 
M!' = - 1 89 kJ 
Figure 3- 1 1 :  Reaction steps of Fe20)/Ah03 with gaseous CC14 in the absence of water. 
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Figure 3-1 2 :  FT-IR spectra of gaseous products for CC14 decomposition at 400 °C over (a) 
3.4.2 Temperature-dependence study on Fe203/Ah03' 
In tills study, Fe203/ Ah03 was selected due to its h igh reactivity in the decomposition of 
CC14. Although the specific surface areas of  Fe203/Ah03 were s ign i ficantly lower than 
that of Fe203-Ah03 ( 1 2 1  vs. 396 m
2/g) a very similar percent decomposition of CCl4 by 
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Figu re 3- 1 3 :  Shows the relation between the temperature and the percent CC14 
As shown in Figure 3 - 1 3 , the Fe203/Ab03 catalyst showed h igh reactivity towards 
CCb at a temperature higher than 200 Dc. According to the l iterature, CCl4 begins to 
decompose thermally between 452-552 DC (activation energy = 1 30 kJ mor l ) (403) .  
However, in  this experiment, i t  was found that CCl4 starts to decompose at 200 D C  in the 
presence of the catalytic supported oxide, Fe203/ Ab03 . These new results indicate clear 
evidence for the potential to employ such a catalyt ic system for the low temperature 
oxidation/decomposition of CC� and other CHC's. This suggests that this new method is a 
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much easier and simpler method, which could be adopted in industry at a later stage with 
refinement and used for the decomposition of CRC's and many other volatile compounds. 
3.4.3 Catalytic decomposit ion of CCI4 over d ifferen t  catalys ts in the presence of water 
at  200 °C 
In this study and from Figure 3- 1 4  hematite and maghemite behaved simi larly and gave 
the same qual itati e products, CO2 and adsorbed water. Quanti tatively, hematite showed 
the generation of more CO2, even though maghemite showed a higher percent 
decomposition. In addition, the broad band of water observed at 3447 cm' l in the FT-IR 
spectra of both hematite and maghemite, suggests that water remains in the medium 
without any effect on the reaction. The color of the solid catalyst did not change during the 
course of the reaction indicating that no carbon formed in these reactions. 
In magnetite (Fe304), the products were significantly d ifferent.  The major 
observed products were CO2, COCh, C2Cl4 and small traces of  CO and RCI .  This 
d ifferent behavior may indicate a different mechanism of the reaction due to different 
structures. 
I t  is evident from the FT-IR spectra requested in F igure 3 - 1 4, magnetite exhibited a 
good reactivity toward CCl4 which can be compared to the behavior of  mixed oxide 
catalysts at higher temperature (400 DC). This behavior could be attributed to the rich 
content in  oxygen ions (Fe304) compared to hematite and maghemite. The presence of 
large absorption bands for gaseous water in  the case of  hematite and maghemite indicate 
that they do not adsorb much water to al low for the reaction with CC14. In contrast, the 
absence of water bands in the case of magneti te indicates that i t  adsorbs well on magnetite 
al lowing for some reaction with CCl4, which is  supported by the formation of products 
93 
such as CO2, C2Cl4 COC12 and HCl .  The fact that the reactivity was sti l l  low even when 
ater adsorbs may indicate that water only physical adsorbs on the surface of magnetite. 
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Figu re 3- 1 4 :  FT-IR spectra for the products formed during the decomposition of CCl4 over 
sol id catalysts in the presence of water at 200 °C. 
3.5 Concl u sion 
In this chapter, a new simpler and easier technique was developed for the decomposition of 
carbon tetrachloride, using iron oxides, by using a c losed reactor system. The optimum 
catalyst was found to be Fe203/ AhO) with a h igh surface area. Smal l  amouns of CCl4 
decomposed at 1 00 °C which then increased as the temperature i ncreased progressively 
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with a concomitant decrease in the amount of  COCh. In this work, binary systems have 
general ly shown higher reactivi ty, especial ly the Fe203/ Aha) system than pure iron 
ox ides. Among the pure i ron oxides magnetite showed the highest reactivity and an abi l i ty 
to adsorb water which could be the main reason behind its reactivity. Tentative reaction 
mechanisms \ ere suggested, based on the new empirical results, outl ining what may be 
taking place structural ly on the surface. 
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CHAPTER 4 :  STRUCTURE -REACTIVITY CORRELATIONS 
4. 1 Introduction 
The purpose of this  chapter is  to examine firstly some of the characteristics of metal oxides 
i n  general, including both main-group and transition metal oxides. The second section of 
this chapter then looks at structural models only recently reported (2002) in the l i terature, 
speci fically i n  relation to i ron ox ides and the role of carbon tetrachloride on the surface, 
which has been the example chosen for this work. These new models are examined in  
relation to structure-reactivity correlations, based on advanced structural techn iques, such 
as temperature programmed reaction/desorption (TPRID) studies, Auger electron 
spectroscopic (AES) measurements etc. , fac i l i ties which were not accessible in the scope 
of this project at UAE Universi ty. The new empirical results of  the experiments carried 
out in this  thesis ( for the decomposition of CCL. on iron oxides) are then compared with 
these models to determine i f  any fit  ( i f  at al l) i s  possible based on these models. 
Solid acid catalysts have been used for many years in  petroleum chemistry and 
organic syntheses. More recently, several types of sol id  bases have been discovered and 
used i n  heterogeneous catalysis ( 30 1 ,302) .  Oxides occupy an important place among 
catalysts, due to the wide range of their structural and electronic properties. This is true for 
simple oxides such as Ah03, Ti02, Zr02, V20S or Mo03 respectively, or more complex 
oxides such as natural c lay minerals, bentonite, heter-poly-anions and zeolites and mixed 
oxides such as S i02-Ah03, Ti02-Mo03, etc. 
One of the basic questions underlying many studies in the acid-base context is :  
' which are the spec ific  properties of the reactants which determ ine the strength of an acid­
base reaction? ' .  As  far as ox ides are concerned, depending upon the field of research, 
various physical parameters have been proposed: the electronegat ivity of the cation; the 
ionic radius of the cation and the formal charge; the oxygen partial charge; and the surface 
site coordination. The l ink with the surface acidity rel ies, in most cases, upon either very 
qualitative or empirical models (303).  
4.2 Acid base properties 
4.2 . 1  Cation ic formal charge and ionic rad ius 
In his compilation of  the oxide isoelectric points, Parks (304) showed a correlation 
bet\\'een the IEPS value and the characteristics of the cation : i ts formal ionic charge QM 
and its ionic radius I'M. As a function of QM, Parks was able to c lass ify oxides according to 
decreasing IEPS : 
M20 QM = + 1 1 1 . 5 < IEPS 
MO QM = +2 8 .50 < IEPS < 1 2 .5  
M203 QM = +3 6 .50 < IEPS < 1 0 .4 
M02 QM = +4 0.50 < IEPS < 7 .50  
M20S QM = +5 IEPS < 0 .50 
M03 QM = +6 IEPS < 0 .50 
The basic oxides i nvolve cations with the lowest formal charge. They are alkal ine or 
alkal ine-earth oxides. The cations in the acidic oxides have the highest formal charges: +5 
or +6. The IEPS values display a saturation value c lose to zero, because of the water 
level ing effect. Water, which is  the solvent in  IEPS measurements, does not al low one to 
study species more acidic than H30+, such as the M20s and M03 oxides. Parks establ i shed 
that IEPS values are approximately l inear decreasing functions of  the ratio QM/rM' Yet, the 
dependence on rM impl ied by this relation is not systematically obeyed . There are ox ides 
which exist of  a given cationic charge, in  which the increase of IEPS correlates well with 
the variation in r",( 
Mn02 rMn = 0.42 A IEPS = 4.2 
Ti02 rTj = 0.50 A IEPS 4 .7  
Sn02 rSn = 0.58 A IEPS 7.3 
But, in the fol lowing series, the trend is not obeyed : 
MgO rMg = 0.65 A IEPS 1 2 .4 
CdO red = 0.97 A IEPS 1 0 .4 
H gO rHg = l . 1 0  A IEPS 7.3 
Simi larly in  the context of  heterogeneous catalysis, the average CO2 adsorption energy on 
ox ides (for example) was shown to increase, which reveals an i ncreasing basic character, 
when the ratio QM/rM decreases (305) .  
4.2.2 Cation electronegativity and oxygen charge 
Another parameter which is often used, when quantifying the acidity of an oxide, is the 
cationic Mul li ken electronegativity. Thi s  i s  defined as minus the first derivative of the 
atom energy, E, with respect to its electron number N: XM = aE 
aN 
Its relevance is  easi ly 
understood since, according to the Lewis' definition, acidity is the abi l ity to accept an 
electron pair. The acidity is ,  thus, expected to be higher for cations of higher 
electronegativity. In a given oxide series, the higher the cation in  the periodic table, the 
stronger the acidity of the oxide. The further to the left of the periodic table the cation is 
located, the more basic wil l  be the associated oxide. 
In  oxides, the ionicity of the oxygen-cation bond is  strongly correlated with the 
electronegativity of the cation. As XM increases, the oxygen-cation bond becomes more 
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covalent and the absolute alue of the oxygen effect ive charge, Qo, decreases. Sanderson 
(306) has proposed an empirical method to estimate the partial ionic charges in a binary 
compound which assumes that the charge transfer equalizes the electronegativit ies, X, of 
the two species .  With this argument, he predicted that Qo decreases in the series: a20, 
MgO, AhO), i02 and Sn02. Tanabe and Fukuda (307) by measuring the CO2 adsorption 
energy in th series of alkaline-earth oxides, found that the basicity decreases from BaO to 
MgO: BaO > SrO > CaO > MgO. Basicity, thus, varies monotonically with the oxygen 
charge which according to Sanderson, is equal to -0 .6 1 ,  -0.60, -0 .57  and -0 .50 in this 
series. This  argument was used by Auroux and Gervasini (305),  who proved, for a large 
number of oxides, that the NH) adsorption energy decreases when the percentage of ionic 
character, defined according to Sanderson's scale (308), increases, while the CO2 
adsorption energy increases along the same series. With this same cri terion, Yinek et al. 
(309) explained the results of the oxygen I s  core level shifts, quoted associated with a 
larger oxygen charge. 
4.2.3 Hydroxyl groups on the su rfaces of oxides 
Thiel and Madyes' s  review (3 1 0) gives a good overview of  the experimental studies on the 
dissociation of  water at surfaces. Most of these studies have been performed on powders 
which become hydroxylated more easi ly than p lanar surfaces. This effect is associated 
with the high density of defects on powders. This has been confirmed by several studies of 
the dissociation of water on planar surfaces with low densit ies of steps (3 1 1 -3 1 3 ) .  
Infra-red absorption and HREELS give access to  the values of the OH- stretching 
frequencies. When water, acids or bases are dissociated on a surface, several types of OH­
groups are formed . Some hydroxyl groups result from the adsorption of a proton on a 
surface. Others are pre-formed OR' groups which adsorb on surface cations (3 1 4) .  The 
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stretching frequencies depend not only on the type of or-r group but also on the surface 
site and on the number of  bonds form d between the OK group and the surface (Figure 4-
1 ) . Some correlations e ist between the stretching frequency shi ft  and the nature of the 
adsorption site (3 1 5-3 1 9) :  
• H igher frequencies are assigned to hydroxyl groups bound to surface cations, and 
lower frequencies to protons adsorbed on surface oxygens .  Both fami l ies present 
many internal spl ittings on rough surfaces, due to al l  the possible surface sites 
adsorption s i tes - on bridge, ternary etc. ,  - and lateral interactions behveen 
adsorbed groups. 
• On a given compound, lower stretching frequencies characterize less basic oxygens 
because they reveal \ eaker O-H bonds. For hydroxyl groups adsorbed on a 
surface cation, lower frequencies characterize more acidic cations, because a 
weaker O-H bond is  general ly associated with a stronger OH-cation bond . This is 
not always obeyed when di fferent compounds are compared. 
• The stretching frequency of hydroxyl groups bound to a single surface cation is 
lower on more under-coordinated cations. The reverse is true for protons adsorbed 
on the top of  a surface oxygen. 
Information on the preferential bonding behveen adsorbate and surface ions, and on 
water dissociation may also be obtained by secondary ion mass spectrometry, in the l imit 
of low surface damage. When hydrogen or oxygen isotopes are used to mark water (e.g. 
D20 or H2 1 80), the surface oxygens may, in addition, be distinguished from those 
belonging to the water molecules in the fragments (320) .  
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• = catIon 
o = oxygen 
o = hydrogen 
Figure 4-1 : Configuration of OR- groups on the surfaces of the oxides : (a), (b), (c) the 
hydroxyl group is adsorbed on a six-,  five- and four-fold coordinated surface cation, 
respectively· ( d), (e) (f) the proton is adsorbed on three- and five-fold coordinated surface 
oxygen, respectively. 
4.3 Surface reactivity of single crystal hematite with CCI4•  
The surface chemistry of  i ron oxides is important technological ly due to i ts role in catalysis 
and corrosion . In addition, the iron ox ides, magnetite and hematite, are abundant 
components of the earth's crust and soi l ,  and their chemistry is relevant to environmental 
research and concerns such as the hydrogeology of aqui fers and the remediation of 
groundwater contamination. For this reason, a molecular- level understanding of the surface 
chemistry of iron oxides wi l l  have an impact in a number of di fferent areas. From a 
fundamental surface chemical perspective, hematite single crystal surfaces are of great 
interest because they can be reduced by varying degrees so as to produce a variety of 
surface reconstructions and, therefore, various surface sites. Consequently, they al low for 
the study of the dependence of the surface chemistry upon the termination (oxygen versus 
i ron), surface stoichiometry, arrangement of surface iron atoms and oxidation state. 
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At low 0 ygen pressure the free energies of Fel -xO (wustite), Fe304 (magnetite), 
and a-FeZ03 (hematite) are of comparable magnitude, and, as a result, these oxides may 
coex ist or may be converted fTom one form to the other in ultrahigh vacuum (UHV) (32 1 ) . 
For e ample, in addition to the stoichiometric hematite surface ordered thin fi lms of 
magnetite can be formed at the surface of hematite single crystals (94, 322). Likewise, 
regions of wustite as \ el l  as a mixed phase which is described as being compri sed of a 
coexistence or "biphase" of nanodomains of wustite and hematite (323),  can be formed. 
The interconversion of these terminations is faci l itated by the crystallographic similari ties 
among th i ron oxides and as a resu lt, hematite can be readi ly prepared so as to present a 
rich variety of i ron oxide terminations for chemical study in the well-control led u ltrahigh 
vacuum ambient. 
The difference in the reactivit ies of these surfaces is dramatic and clearly supports 
the observation that dissociative adsorption of  CC14 upon iron oxide is strongly dependent 
on the nature of the surface.  Where CC14 d issociation is faci le  at room temperature on the 
magnetite termination (Fe304, Figure 4-2b), it  does not appear to occur on the biphase 
surface, which is comprised of nanodomains of wustite (Fel -xO, Figure 4-2a) and hematite 
(a-FeZ03, Figure 4-2c). 
Significantly, there is a clear and reproducible distinction between the Fe304 and Fel -rO 
surface regions: the wustite (Fel -xO) consistently remains free of chlorine. This result correlates 
with the AES measurements reported by Carnil10ne III et al. indicating the lack of dissociation of 
CCG on the biphase termination, because it suggests that Fel -xO, which is a component of the 
biphase termination, does not react with CC�. 
Figure 4-3 shows the Auger electron spectra collected in the vicinity of the chlorine LMM 
transition fol lowing CCG exposure for the three iron oxide surface phases examined: (a) the 
magnetite selvedge, (b) the annealed biphase and (c) the as-oxidized biphase. In all three cases the 
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surfaces were exposed to doses more than sufficient to drive the evo ratio to saturation levels in 
the magnetite sel edge casco For comparison purposes, the AES resulting from the unexposed 
magnetite selvedge surface is shown in trace (d) of Figure 4-3. 
(c) 
a -Fc:!Oj (00 1 )  
(d) Hbiphasc" 
f3 a 
Figure 4-2: (a)-{c) , respectively The iron tenninations of wustite (Fel _\O( l l l ), a = 3.04 A), 
magnetite (Fe304( 1 1 1 ) with the so-called "mix-trigonal" surface layer, a = 5 .92 A) and hematite 
(a-Fe203 (00 1 )  with the single iron surface layer, a = 5 .03 A, (32 1 )). (d) Idealized structural 
model of the biphase (324) showing regions of a-Fe20J (OO l )-like (a) and Fe l _xO( l l l )-like (p) 
surface terminations. TI1e large circles represent oxygen atoms and the smaller, darker circles 
represent iron atoms. The "x"  marks the one oxygen atom in all of these surface lattices with a 
vertical dangling bond. 
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Figure 4-3 : Auger spectra recorded for the (a) Fe304 ( l 1 l )-(2x2), (b) annealed biphase and (c) 
as-oxidized biphase terminations of a-Fe203 (00 1 )  after CC4 exposures of -8, 8 and 80 times 
that required for saturation of the Fe304 ( I l l  )-(2x2) termination, respectively. For comparison, a 
spectrum for unexposed Fe304 ( 1 1 1  )-(2x2) is also shown in (d). 
This work has structural impl ications on our own observations from the new 
empirical data reported in this project in chapter 3 with regards to the identi fication of the 
active site for the room temperature dissociat ive adsorption of CCI4 on Fe304 ( 1 1 1  )-(2x2) .  
To understand this ful ly a comparison of the nature of  the surface structures of the 
magnetite and biphase terminations must first be made. The magnetite surface is iron-
terminated, and there is evidence indicating that it terminates in a 6 A hexagonal array of 
surface i ron atoms that i n  the bulk crystal would occupy tetrahedral sites and carry a +3 
valence ( 32 5 ) . A schematic i l lustration of the structure proposed by Ritter and Weiss, 
which is a relaxed version of the so-cal led mix-trigonal layer, is shown in (Figure 4-2b). It 
IS important for the purposes of this discussion to note that of the four oxygen atoms within 
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the surface unit mesh, one (mark d with an " x ") is uncapped by any iron counter ion, 
leaving, in a co alent-bonding picture, one dangling bond oriented along the surface 
nonnal. 
The b iphase surface actual ly consists of three distinct regions or nanodomains, 
referred to a a,  p and y. The a and p nanodomains ( i l l ustrated in Figure 4-2d) have been 
identified as a -FeZ03 and Fe l _xO by thei r periodicity as observed by STM (324). 
Concerning the a nanodomains, which are comprised of a-Fe203 (00 1 ), the 6 
periodicity observed by STM (324) as wel l as the work of Shaikhutdinov and Weiss ( 1 59) 
and Scheffler and coworkers (326) suggests that they are iron-tenninated. The proposed 
surface structure is shown in  Figure 4-2c, with iron atoms at the surface that in the bulk 
crystal would occupy octahedral sites and cany a +3 valence. The p nanodomains are 
considered to be comprised of Fel -xO ( I l l ) because they exhibit an internal periodicity of 3 
A (324). Ho\ ever as the ( 1 1 1 ) layers of iron and oxygen in Fel _xO both have a periodicity 
of 3 A, the termination of these regions remains W1determined. evertheless, though the 
possibil ity cannot be ruled out that they are oxygen-terminated it is l ikely that both the a and 
p nanodomains are iron-terminated, given that the biphase is prepared W1der conditions 
which are reducing when compared to the more oxidizing ambients required to generate 
oxygen terminations (327). 
Three qual itatively distinct categories of iron oxide surfaces were identi fied: ( 1 )  the 
Fe l _xO surface, tenninated entirely by iron (or oxygen) atoms and, therefore, presenting 
only one type of dangling bond to the vacuum, (2) the a-Fe203 surface, ternl inated by iron­
capped oxygen triads and presenting iron and oxygen dangl ing bonds oriented away from 
the surface normal ,  and (3) the Fe304 surface, terminated by iron and present ing the same 
dangl ing bonds in addition to the vertical dangling bond that in the bulk binds the oxygen 
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to a tetrahedrally coordinated Fe3+ .  The importance of the simple experimental 
observat ion-that dissociative adsorption resulting in the accumulation of chlorine at the 
surface occurs on the magnetite and not on the biphase tem1ination (and therefore not on 
either category 1 or category 2 surfaces)-is that it impl ies that the presence of both the 
iron cation and the oxygen atom with the vertically directed dangling bond (as found in  
category 3 )  are necessary for the reaction to occur. A suggested mechanism consistent with 
this impl ication is  that the positively charged iron surface ions act to polarize the chlorine 
atoms, stabi l iz ing the formation of negatively-charged chloride ions, whi le the dangl ing 
bond assoc iated \ ith the oxygen marked " x "  acts as a stabi l izing site for the resultant CCl2 
and in  effect suppl ies the electron density required for heterolytic cleavage of the C-CI 
bonds to produce cr from CCI4. This cleavage could occur in a concerted fashion or 
stepv,.'ise through a CCl3 i ntermediate (327) .  
The appeal of  this model for the CC14-Fe304 ( 1 1 1 ) reaction is that i t  predicts no 
reaction for either of the iron or oxygen terminations of both Fe l _xO ( 1 1 1 ) and a-Fe203 
(00 1 ) . In the case of oxygen termination the important polarizing influence of the iron 
cations is absent, and there are no "acceptor" sites for nascent chloride anions. For the case 
of i ron term ination, the i ron cations are not easi ly oxidized, and electron density of the 
oxygen atoms is required in order for the net reaction to occur: 
CC�(g) + 2e- � :CCl2 + 2Cr Eq. 4- 1 
Interestingly despite the close simi larity between the magnetite (Fe304) and 
hematite (a-Fe203) terminations (Figure 4-2b and c), the absence of a properly oriented 
oxygen dangl ing bond to act as a nucleophile appears to hinder the reaction of the (00 1 )  
face of hemati te with CCI4. Another contributing factor may be the avai labi l i ty of the 
electrons of the uppermost oxygen atoms. By counting electrons as they would be 
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distributed in a covalent crystal , it has been found that in  magnetite, the dangling bond of 
oxygen marked " " in  Figure 4-2b wou ld contain 0 .75 electrons, whereas the oxygen 
atoms in the hematite surface i l l ustrated in Figure 4-2c would contain 0 .5 .  Thus, it would 
be expected that the magnetite oxygen atoms are more capable of supplying the requisite 
electron densit . This conclusion draws further support from the observat ion that around 
the edges of the sample, weak LEED patterns were observed consistent with a (3 x 3)  
structure (recently reported by Ketteler et  al. (32 1 » .  Weak chlorine features in  the Auger 
spectra \ ere also reported. Two of  the proposed structures for the (3 3)  surface possess 
i ron cations and uncapped oxygen anions (32 1 ) . 
As described above, in  this case, the presence or absence of iron cations I S  
h ighlighted; in  their absence there is  no polarizing influence to drive heterolytic C-CI bond 
cleavage and no stab i l izing site for nascent chloride ions. 
The mechanism for the dissociat ive adsorption of CC14 on magnetite must be 
different than on pure iron. In the case of zero valent iron (Feo) the production of iron 
chlorides (89) impl ies that oxidation of iron occurs. The net reaction can be described as 
electron transfer to CI  result ing in  the formation of FeClz and an adsorbed diradical :CCI2 
surface species (328) .  Therefore, i t  is apparent that the reaction involves electron transfer 
from Feo to the CC4, which dissociates as described in Eq. 4- 1 .  In the case of the iron 
oxide-CC14 i nteraction, though the end result for CC14 is the same, the i ron can no longer 
be thought of as the electron donor, since the Fe304 ( 1 1 1 )-(2 2) surface is considered to be 
terminated by oxidized iron (Fe3+) (325) .  Even i f  the surface iron atoms exist in a less 
oxidized state due to surface relaxation-related charge transfer, their tendency to be further 
oxidized is greatly decreased compared to Feo. Due to the presence of dangl ing iron 
bonds, it is expected that the addition of chloride anions to the iron-terminated surface 
1 07 
\ ould be energetical ly favorable, as they would tend to satisfy the dangl ing coordination 
sites .  Ho\ ever, the question remains: what is the source of electrons required for the 
transfom1ation of C w to : Ch+2 r and what is the surface site which provides the 
electron density to stabi l ize hypothetical ly a doubly positively charged CCh species? It 
has been proposed that the uncapped oxygen atoms in the Fe304 ( 1 1 1  )-(2x2) provides the 
requisite electron densit (329) . 
The above-proposed mechanism accounts only for the surface reaction leading to a 
surface [C l ] /[O] ratio of 0 .5  on Fe304( 1 1 1 )-(2x2) .  However, two factors would certainly 
contribute to propagation of the reaction to higher chlorine coverges. First i t  i s  quite l ikely 
that the reaction described by Eq. 4-3c is exotheffi1ic, given that two bonds are broken and 
three are fOffi1ed. Therefore the chloride ions may be ejected from the init ial reaction site 
as has been observed on Ti02 ( 1 1 0) (329), freeing up the iron cation for reaction with 
another CCw. In addition, disruption of the lattice due to the desorption of phosgene 
(OCCI2) might result  in the creation of reactive defect sites. 
CC14(g) lOOK 
CC14(g) l oo A  
2Cl(ad) 
) CC�(3d) � CC14(g) 
) CCI2(ad) + 2Cl(ad) � CC�(g) 
6.lallice-Fe ) FeCh(g) 
� 12 C2CI4(g) + 2CI(ad) 
6.1affic-O ) OCCh(g) + 2Cl(ad) 
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Eq. 4-2 
Eq. 4-3a 
Eq. 4-3b 
Eq . 4-3c 
Eq. 4-4 
4.4 CI4 chemi try on the magnet ite selvedge of s ingle-crystal hematite : 
compet i t ive urface reaction 
Another recent interest ing structural study undertaken by Adib and co-workers in 2002, 
involved temperature programmed reaction/desorption (TPRID) studies to characterize the 
surface chemistry which occurs between CCLt and the FeJ04 ( 1 1 1 ) selvedge of single 
crystal U-Fe20J (000 1 ). S ix separate desorption events were clearly observed and four 
desorbing species were identi fied : CCI4, OCCh, C2Cl4 and FeCh. Adib (330) proposed 
that OCCh, CCw and C2C4 are produced i n  reactions involving the same precursor CCb. 
Three reaction paths compete for the CCh precursor: oxygen atom abstraction ( for OCCI2), 
molecular recombinative desorption ( for CCI4) and associat ive desorption ( for C2C4). 
During the TPRID temperature ramp, the branching ratio was shown to depend upon the 
temperature and the avai labi l ity of  the reactive sites. The data obtained is consistent with a 
rich site-dependent chemistry (330) .  
In part icular, i t  was observed that several surface mechanisms responsible for 
recombinative desorption of  CCI4 ,  associative desorption of C2Cl4 and desorption of OCCh 
fol lowing oxygen abstraction, compete for the same reaction precursor at a l imited number 
of reaction sites. Based on this observation, it is suggested that CCLt di ssociatively adsorbs 
at temperatures no greater than 250 K, on FeJ04 ( 1 1 1 ) to form CCh and CI .  These 
precursors then react to form the desorbing reaction products CC14, C2C4, OCCb and 
FeCh.  Their observations strongly suggest that the branching ratios for recombinative 
desorption, associative desorption, and lattice-oxygen abstraction depend upon the 
avai lab i l i ty of species reaction sites. Some aspects of the kinetics of desorption of the 
products from the surface can be elucidated from analysis of the coverage dependence of 
the evolution of these products. Ultimately, scanning tunnel ing microscopy (STM) can be 
used to further i nvestigate the assertion that the surface chemistry of  CCI.� on the FeJ04 
1 09 
( 1 1 1  )-(2 x 2)  surface depends sensiti ely upon the structure of  the surface and the 
presence or absence of species adsorption s i tes (330) .  
4.5 tructure-reactivity relationship 
The knowledge of atomic surface structures is the first step towards a deeper understanding 
of the physical and chemical surface properties of sol ids. In the case of compound 
materials with ionic bonding character such as metal oxides, the atomic structures of polar 
surface orientations can deviate strongly from their corresponding bulk truncations. This is 
predicted by many theoretical studies, but only a few experimental surface structure 
determinations ex ist so far. The ( I l l ) surfaces of oxides with the rocksalt structure such as 
TiO and MgO become stab i l ized by severe reconstructions (33 1 -333) ;  other surfaces do 
not reconstruct but become stabi l ized by strong interlayer relaxions in their surface 
reglOns. 
The surface structure of Fe304 I l l ) fi lms grown epitaxial ly onto Pt( 1 1 1 ) substrates 
was determined in a pre iously LEED analysis (334,335) .  A strongly relaxed bulk 
termination of Fe304( 1 1 1 ) exposing 1 14 monolayer of i ron cations over a hexagonal c lose­
packed oxygen layer was obtained as a best fit structure. On i ron oxide single crystal 
samples prepared under s imilar conditions two diVerent coexisting Fe304( l l l ) surface 
terminations were observed with STM, and two models that diVer from the surface 
structure model discussed above were proposed for these terminations (336). Magnetite, 
Fe304, crystal l izes in the cubic inverse close-packed fcc sublattice with Fe
2+ and Fe
3+ 
spinel structure where the oxygen anions foml cations located in the interstitial si tes 
(337,338) .  Two diVerent cation si tes exist : the first is tetrahedrally coordinated to oxygen 
and occupied only by Fe
3+ ions, and the second is octahedral ly coordinated to oxygen and 
occupied by equal numbers of Fe
2+ and Fe3+ ions (Figure 4-4). 
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Figu re 4-4 : Perspective side view (a) and top view (b) of  the Fe304 structure exposing a 
( 1 1 1 ) surface plane without interlayer relaxations. The top view is drawn with the ful l  ionic 
radi i ,  the side view with ionic radi i  reduced by a factor of 0 .5 .  Two types of notation for 
the layer stacking along the [ 1 1 1 ] direction are given on the left and right side of (a) . In the 
top v iew in (b) the Fe304 ( 1 1 1 )-( l x 1 ) surface unit cell with a lattice constant of 5 .94 is 
indicated, as well  as the synunetrically inequivalent oxygen atoms Oa and Ob respectively. 
The Fe304 ( 1 1 1 ) surface represents a polar surface termination that should be unstable 
considering the electrostatic surface energy within simple ionic models. It is concluded that 
the ionic bond character is reduced at the surface and bonding becomes more covalent 
there. The large interlayer relaxations induce a strongly modified electron density of states 
at the surface, which can reduce or completely compensate the excess surface charge of the 
polar Fe304 ( 1 1 1 ) surface. This must represent the mechanism stabi l izing the polar surface 
termination found in this analysis .  The dominant contribution of the surface electron 
density tet l of states is created by Fe 3d states of the Fe cations in the topmost layer, which 
are imaged as protrusions in the atomic resolution STM images (339) .  
In chapters 2 and 3 respectively, among the pure iron ox ides magnetite showed the 
highest reactivity and an abi l i ty to adsorb water which could be the reason behind its 
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reactivi ty. Tentat ive reaction mechanisms were suggested, based on the new empirical 
results, out l in ing what may be taking place structurally on the surface. 
In this study, speci fically for magnetite (Fe304), the products were found to be 
signi ficantly d ifferent. The major observed products were CO2, COCh, C2C14 and small 
traces of CO and HC\ .  This di fferent behavior may indicate a different reaction 
mechanism due to di fferent structures. However, further continued work using advanced 
structural techniques (not avai lable at UAEU) need to be carried out to ascertain these 
observations. 
It is c lear from the FT-IR spectra represented in Figure 3- 1 4lFigure 4-5 that 
magnetite exhibited a good reactivity toward CC4 which can be compared to the behavior 
of mixed oxide catalysts at a higher temperature (400 °C). This behavior could be 
attributed to the rich content in oxygen ions (Fe304) compared to hematite and maghemite. 
The presence of large absorption bands for gaseous water in the case of hematite and 
maghemite indicate that they do not adsorb much water to al low for is reaction with CCI4 . 
In contrast the absence of \ ater bands in the case of magnetite indicates that water absorbs 
well on magnetite al lowing for some reaction with CC14, which is supported by the 
formation of products such as CO2, C2C14, COCh and HCl .  The fact that the reactivity was 
sti l l  low even when water adsorbs may indicate that water only physical adsorbs on the 
surface of magnetite. 
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Figu re 4-5 : FT-IR spectra for the products of the decomposition of CC14 over pure iron 
oxide in the presence of water at 200 °C. 
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CHAPTER S 
CONCLUSION 
CHAPTER 5: CONCLUSION 
The main objective of the various reactions and experiments carried out in this 
project \i as not only to develop the best technique for the decomposition of CCl .. but 
equally to study the relationships between the structure and the reactivity of all types of 
iron oxides toward CCk 
In the first part of this work, a series of pure iron oxides were prepared by classical 
methods and gave a sl ightly low surface area. Mixed i ron oxides were also prepared by the 
sol-gel method but yielded high surface area particles. The supported i ron oxides were 
prepared by wet impregnation methods which also gave moderate high surface areas. Al l  
these oxides were characterized by FT-IR, XRD and surface area measurements. The 
surface areas of hematite and magnetite in this work were found to have higher values than 
those previously reported in the l iterature, but maghemite gave approximately the same 
surface area as the quoted values in the l i terature. In contrast, in the case of the mixed 
oxides, the specific surface area of Fe20)-AbO) was found to be 396 m2/g which was 
found to be very high. The sol-gel method appeared to enhance the process yielding fine 
part icles with a high surface area. The FezO)-Si02 system (prepared by the sol-gel 
method) in this work gave a very high surface area compared to the corresponding value 
previously reported in the l iterature. The supported i ron oxides gave a moderate high 
surface area, which can be attributed to the fact that the support materials used themselves 
had a low surface area. 
In the second part of this  project, a new simpler and eaSler technique was 
developed for the decomposition of carbon tetrachloride, CCI4, uSing a closed reactor 
system. The optimum catalyst was found to be Fe20)/ AhO) with a related high surface 
area of  1 2 1  mZ/g. This system showed a high percentage conversion of CCI .. (97.55%) in 
the presence of water at a temperature of 400 °C. The presence of water in the 
decomposition of  CC14 over Fe20)-AhO) resulted in  the almost complete decomposition of 
CCl4 to CO2 and HCI  while in the absence of water the conversion of  CCI4, COC12 and 
C2C14 was considerably less. The fact that water does not react with CCl4 under the current 
experimental conditions in the presence of  any adsorbent and its great role in the 
enhancement o f  the reactivity in the presence of an adsorbent al lows us to believe that 
CCl4 is catalyt ical ly decomposed through oxidation by adsorbed water molecules and 
surface hydroxyl groups. Some mechanisms were discussed in relation to this system. In 
addition, some catalysts were used to decompose CCl4 at a lower temperature (a-Fe203, 'Y­
Fe20), Fe)04, Fe20)/Ah03 and Fe203/C). Interesti ngly, these systems showed different 
products due to d ifferent reaction mechanisms. 
There are some l imitations that can be identi fied in the technique used in this work .  
For example, the reactor used was a closed reactor system, which is not  a pulsed system 
and prohibits the study of the kinetics and the amount of products generated with respect to 
time. In relation to this work, the results can be further improved by using a flow reactor. 
With such a reactor, the experimental work would be easier to carry out in the laboratory. 
In addition, the length of time would be considerably reduced to carry out each experiment 
compared to the c losed reactor system. Each reaction in  a closed reactor system needs 2 
hours at least, which does not count the time consumed in the pre-preparation of the system 
and the related cleaning of the equipment. 
In addit ion, the various characterization techniques used in this project were limited 
to FT -IR and XRD due to the lack of advanced structural techniques not avai lab le at 
UAEU. No other techniques were avai lable in the scope of  this project here to study the 
structure of the materi als, such as XPS, LEED, AES etc. Furthermore, the amount of 
products generated in the various reactions could not be measured quantitatively; in this 
work the area under the curve of the respective FT-IR spectra of the results was depended 
1 1 5 
on for this. Faci l i t ies such as mass spectrometry and gas chromatography, which are 
avai lable at UAEU could not be used either as such faci l ities need to be directly connected 
to the reactor systems ( in l ine with the system developed). 
H owever the despi te the limitations, the results do suggest that this work may pave 
the way for the future development of a newer and simpler technique for the treatment of  
carbon tetrachloride, which has huge implications environmentally, i f  ful ly exploi ted and 
developed at a l ater stage. Interestingly, no such faci l i ties exist in the United Arab 
Emirates for the decomposition o f  carbon tetrachloride. 
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